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OCCURRENCE OF SULFUR IN ILLINOIS COALS 

Harold J. Gluskoter and Jack A. Simon 

I l l i n o i s  State  Geological Survey 
Urbana, I l l i n o i s  

Introduct ion 

Sulfur i n  i ts  several  forma is  prominent among t h e  species  of mineral 
matter k n m  t o  occur i n  coal. 
e f f e c t s  may be very detrimental ,  p a r t i c u l a r l y  i n  specialized.uses.  
problems associated with the presence of su l fur  i n  coal  include those involving 
air po l lu t ion ,  r e s t r i c t i o n s  on amount of s u l f u r  allowed i n  metal lurgical  coke, 
bo i l e r  corrosion and deposi ts ,  d i f f i c u l t i e s  i n  mining, a c i d  drainage from mines 
and s p o i l  p i l e s ,  and spontaneous combustion of coal. 

Not only is i ts  presence widespread but i t s  
The many 

Because of the recognition of the importance of s u l f u r  i n  the u t i l i -  
zat ion of coal ,  i nves t iga t ions  concerning su l fur  i n  coal  have been pursued a t  
the I l l i n o i s  S ta te  Geological Survey s ince founding more than 50 years  ago. 
This paper attempts t o  summarize the pe r t inen t  data concerning the occurrence 
of s u l f u r  i n  I l l i n o i s  Coals from t h i s  long t e r m  study. 
acquired by nrany members of the Survey s t a f f .  

These da t a  have been 

Except when spec i f i ca l ly  s t a t e d  t o  the contrary,  a l l  data  discussed 
i n  t h i s  paper were obtained from analyses of face channel samples of coal. These 
samples were taken i n  the mines by Survey personnel following recoolmended United 
States Eureau of Mines methods of sampling, which provide f o r  exclusion of 
mineral bands over 3/8 inch i n  thickness (Holmes, 1911). 

D i s t r ibu t ion  of Sulfur Within I l l i n o i s  C o a l s  

It has long been recognized t h a t  s u l f u r  occurs i n  coa l  i n  both inor- 
It occurs inorganical ly  a s  s u l f i d e s  and s u l f a t e s ,  but ganic and organic forms. 

the exact mode of occurrence of the organic s u l f u r  i s  not  knovn. 
Wyss (1961) state tha t  i t  i s  usual ly  assumed t h a t  su l fur  is i n  one of the fo l -  

Given and 

loving four forms: 

1. mercapitan or t h i o l ,  RSH 
2. s u l f i d e  or thio-ether,  RSR’ 
3. d i s u l f i d e ,  RSSR’ 
4. aromatic systems containing the thiophene r i n g ,  yf - 

HC CB 
‘S ’ 

Free s u l f u r  or  na t ive  s u l h  has been reported i n  coa l  (Yurovski, 
1959; Berteloot,  1947). 
amount to be disregarded for most purposes. 
I l l i n o i o  coals. 

However, i t s  occurrence is rare, and small enough an 
It has not  been reported from 
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Sulfa te  Sulfur.  Su l f a t e  s u l f u r  i s  present i n  minor amounts i n  nearly a l l  of the  
samples analysed. 
a l a w  of 0.00 percent. The mean, ca lcu la ted  from s u l f a t e  su l fu r  ana lyses  of 300 
face  channel samples of I l l i n o i s  coa ls  i s  0.071 percent and the mode, although 
not  ca l cu la t ed ,  would be lower thaR t h e  mean. 

-- 
The s u l f a t e  s u l f u r  values range from ;I high of 0.57 percent t o  

Orzanic Sulfur,  Organic s u l f u r  values ranged from a low of 0.27 percent to  a 
high of 2.98 percent i n  I l l i n o i s  coa ls  sampled t o  date. The d i s t r i b u t i o n  of 
organic s u l f u r  for  a l l  face channel sample analyses of No. 2 Coal, No. 5 Coal, 
No, 6 Coal and No. 7 Coal arc given i n  the  histograms on f igure  1. None of the  
histograms have the  shape of a normal d i s t r ibu t ion .  The organic su l fu r  values 
of NO. 2 Coal and No. 5 Coal are r a the r  evenly d i s t r ibu ted  and are between 0.4 
percent and 2.4 percent. It i s  probable t h a t  these diagrams would show a normal 
d i s t r i b u t i o n  i f  add i t iona l  da t a  w e r e  included. Too few analyses of samples from 
No. 7 Coal are ava i l ab le  t o  draw any conclusions from the histogram. Organic 
s u l f u r  from No. 6 Coal shows a d i s t i n c t  bimodal d i s t r i b u t i o n  with one peak between 
0.2 and 0.8 percent and the second peak between 1.6 and 2.2 percent. 

P y r i t i c  Sulfur.  
is even grea te r  than the  range i n  organic sulfur.  
of 0.10 percent t o  normally high values of 4.5 percent t o  5.0 percent w i t h  a 
few extreme values approaching 9.0 percent. 
of t h e  p y r i t i c  su l€ur  values fo r  e i d i  o f  four coa l s  a r e  given i n  f igu re  2. 
histogram of p y r i t i c  s u l f u r  va lues  i n  No. 5 Coal shows the  most near ly  normal 
d i s t r i b u t i o n  and t h a t  fo r  No. 6 Coal shows a bimodal d i s t r ibu t ion .  
be emphasized tha t  these  d a t a  are obtained from face channel samples and any 
mineral  bands in  the  coal,  inc luding  i ron  s u l f i d e s ,  over 3/8 inch th ick  were 
excluded from the sample. 

The range i n  values of p y r i t i c  su l fu r  i n  face channel samples 
The range i s  from a low value 

Histogram depic t ing  the  d i s t r ibu t ion  
The 

Again i t  must 

-_I_- Tota l  Sulfur and Rela t ionship  Between P y r i t i c  and Orpanic Sulfur. Total su l fu r  
i n  face channel samples ranges from low values of less than 0.5 percent t o  high 
values of 5.5 percent with a few extreme cases  of nearly 10 percent. Sulfur i n  
these few very-high-sulfur channel samples is predominantly py r i t i c .  

Four graphs sha r ing  the r e l a t ionsh ips  between organic and p y r i t i c  
su l fu r  €or four I l l i n o i s  c o a l s  are given i n  f igu re  3. Each poin t  on graphs 3a 
and 3b (No. 2 Coal and No. 7 Coal) represents  su l fu r  values from a s i n g l e  face 
channel sample ana lys i s ,  whereas each po in t  on graphs 3c and 3d (No. 5 Coal and 
No. 6 Coal) represent average su l fu r  values fo r  a s ing le  m i n e .  
averages rather than ind iv idua l  ana lyses  does not  a l t e r  t he  ove ra l l  p i c tu re  but 
does f a c i l i t a t e  handling of the  data. 

Using mine 

Correlation c o e f € i c i e n t s  fo r  the  four graphs vary considerably. The 
co r re l a t ion  is  poor for  Coal No. 5 (correl’ation c o e f f i c i e n t  .24) and non-existent 
fo r  C o a l  No. 7 ( co r re l a t ion  c o e f f i c i e n t 7 0 9 ) .  However, coa ls  No. 2 and No. 6 do 
show a f a i r l y  good c o r r e l a t i o n  between p y r i t i c  and organic su l fur  (.76 for No. b 
Coal and .75 for No. 2 Coal). 
degree of s ign i f icance ,  w e l l  over the  99.9 percent level.  
of p y r i t i c  su l fu r  with an inc rease  i n  organic su l fu r  i s  much g rea t e r  for  No. 6 
Coal than f o r  No. 2 Coal. 
is not s t a t i s t i c a l l y  s i g n i f i c a n t  because of the small number of analyses. 

Both of these  la t ter  values demonstrate a high 
The rate of increase 

The one graph showing negative co r re l a t ion  (No. 7 Coal) 
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Differ ing conclusions have been drawn by various workers as t o  the 
r e l a t i o n  of p y r i t i c  t o  organic su l fur  i n  coals. A number of researchers  have 
reported such a co r re l a t ion  (Rose and Glenn, 1959; Leighton and Tomlinson, 1960; 
Wandless, 1959) whereas o the r s  have not  observed the co r re l a t ion  i n  t h e i r  s t u d i e s  
(Yancy and Fraser,  1921; Brooks, 1956). 

Discounting No. 7 Coal because of lack of s u f f i c i e n t  d a t a ,  the I l l i n o i s  
coals  do show a pos i t i ve  co r re l a t ion  between organic and p y r i t i c  su l fu r .  
co r re l a t ion  i s  much b e t t e r  for  No. 2 Coal and No. 6 C o a l  than for  No. 5 Coal. 

This 

The f a c t  t h a t  a co r re l a t ion  does e x i s t ,  suggests t h a t  i n  a coal-forming- 
swamp environment which was r e l a t i v e l y  high i n  s u l f u r ,  the s u l f u r  contr ibut ion 
t o  the p l an t s  would be high and t h a t  s u l f u r  i n  the environment a l s o  would be 
ava i l ab le  for  the formation of p y r i t e  during the e a r l y  s t ages  of peat  formation. 
The co r re l a t ion  e x i s t s  even though much secondary inorganic p y r i t i c  su l fur  has 
been added t o  the coal  as veins and deposi ts  along f r a c t u r e s  which occurred sub- 

bed. It i s  a l s o  conceivalbe t h a t  much of the l a t e  secondary p y r i t e  may represent  
a reorganization of the su l fur  tha t  was introduced i n t o  the environment at  a very 
ea r ly  stage of coal  formation. 

\ 

> 

\ 
\ 

sequent t o  the peat  formation and possibly very l a t e  i n  the h i s t o r y  of the coal  

The bimodal d i s t r i b u t i o n  of both p y r i t i c  s u l f u r  and organic  sulfur  

However, the l o w  su l fur  coals i n  I l l i n o i s  have been mined extensively 
shown i n  f igures  1 and 2 a l s o  might suggest a close c o r r e l a t i o n  between t h e  two 
forms. 
and therefore  have a l s o  been of much i n t e r e s t  t o  the Survey and have been sampled 
heavily. 
p r e f e r e n t i a l  sampling. 

'. 

The low su l fur  peaks i n  the bimodal d i s t r i b u t i o n  may simply represent  

Mineralogical Occurrence of Sulfur 

Su l f a t e  Sulfur. 
face channel sample of I l l i n o i s  coal is contained pr imari ly  within the mineral 
gypsum (CaS04*2H20) which occurs as a secondary vein and cleat f i l l i n g .  

The small amount of s u l f a t e  su l fur  t h a t  occurs i n  near ly  every 

The amount of s u l f a t e  s u l f u r  increases rap id ly  upon weathering of the 
coal  as the oxidation of p y r i t e  (FeS2) gives rise t o  ferrous and f e r r i c  sulfates .  
The following minerals have been i d e n t i f i e d  from samples co l l ec t ed  i n  deep mines 
from old mined-out a r eas  and from samples of coa l  which have weathered from 
exposure a t  the surface e i t h e r  i n  outcrop, mine dumps, or i n  the laboratory: 

Rozeni te Fe SO4-4H2O 
Melanterite FeS04.7820 

Coquimbi te 

Roemerite FeS04=Fe2(S04)3-12H20 

J a r o s i  te possibly the hydronium j a r o s i t e  
(carphosider i te)  3Fe203e4S04e7H20 

More than one of these phases o f t en  occur i n  a s ing le  sample. 
c u l t  t o  know exactly which phases occur in  the mines s ince melanter i te  (FeS04*7H20) 
dehydrates t o  rozeni te  (FeS04.4H20) and then t o  szomolnokite (FeS04*H20) i n  the 

It is a l s o  d i f f i -  

, 
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laboratory,  
the case of m e l a n t e r i t e - +  rozeni te .  

P y r i t i c  Sulfur.  I ron  d i s u l f i d e  can occur a s  e i t h e r  p y r i t e  which forms i n  t h e  
isometric c r y s t a l  system or as marcasite which i s  orthorhombic. Pyri te  i s  the 
most commonly reported dimorph although marcasite i s  of ten  mentioned as occur- 
r i n g  i n  l e s s e r  amounts ,  
coals  and p y r i t e  is  apparent ly  the dominant su l f ide .  

The dehydration is  very r a p i d ;  occurring i n  a few minutes t i m e  i n  

Marcasite has  only r a r e l y  been reported i n  I l l i n o i s  

The macroscopic form of p y r i t e  i n  coal  were systematical ly  described 
by Yancy and R a s e r  (1921). A sunnrary of t h e i r  descr ipt ion follows: 1) f ine  
p y r i t e ,  as small d i s s e m i n a t e d  p a r t i c l e s  or t h i n  fi lm-like coat ing on j o i n t  planes 
( c l e a t )  or along the bedding; 2) lenses ,  from I t o  2 inches long and a f rac t ion  
of an inch thick to those 3 or 4 f e e t  tnick and hundreds of f e e t  long; 3) nodules, 
roughly spher ica l  i n  shape, may a l s o  be e i t h e r  inches or  severa l  feet i n  diameter; 
4) beds or  continuous bands of p y r i t e ,  o f ten  may include coal or bony coal and/or 
may be int imately assoc ia ted  with a rg i l laceous  sediments. 

’ 

The f i n e l y  disseminatea p y r i t e  grades downward i n  s i z e  t o  the micro- 
Microscopic p y r i t e  is very widespread i n  coal and 

A complete 
scopic forms of the mineral ,  
has been observed i n  a l l  c o a l  macerals except massive micr ini te .  
range from euhedral c r y s t a l s  to i r r e g u l a r  anhedral aggregates may be observed 
microscopically i n  I l l i n o i s  coa ls  (J. A. Harrison, personal cammunication). 
Observations similar t o  those prec:eeding were made for  the Pit tsburgh coal  by 
Gray, Schapiro and Coe (1963). 

Sul fur  i n  the Banded Ingredien ts  of Coal 
c 

A study w a s  made by Survey personnel i n t o  the d i s t r i b u t i o n  of the forms 
of s u l f u r  i n  the megascopically d is t inguishable  banded ingredients  (Cady, 1935a). 
The banded ingredients  sampled were v i t r a i n ,  c l a r a i n  and fusain. W a i n  or d u l l  
s p l i n t  coa l  i s  very rare i n  I l l i n o i s  coa ls  and none was sampled, Figure 5 sum- 
marizes the su l fur  ana lyses  of approximately 100 samples of banded ingredients.  

I n  general  t h e  p y r i t i c  fiulfur content i s  grea te r  i n  the fusain than 
i n  the other  bands, although i t  does show a wide range i n  the d i f f e r e n t  fusain 
samples. This is due t o  the  degree t o  which the c a v i t i e s  i n  the fusain a re  f i l l e d  
with pyr i te .  Vi t ra in  and c l a r a i n  have a higher organic t o  p y r i t i c  r a t i o  with 
r a t i o s  generally g r e a t e r  than one. 
usual ly  lower than of c l a r a i n  from the same coal. The preceeding general izat ions 
not  withstanding, Cady (1935a) concluded t h a t  the v a r i a t i o n s  i n  organic sulfur  I< 

content of.  I l l i n o i s  c o a l s  cannot be ascr ibed  only t o  var ia t ion  i n  r e l a t i v e  amounts 
of banded ingredients .  

The organic  s u l f u r  content of v i t r a i n  is 

Occurrence of Low-Sulfur Coal i n  I l l i n o i s  -’ 
There a r e  three known areas  in t h e  state where there  has been signi- 

f i c a n t  production of low-sulfur coal ,  most of which contain l e s s  than 1.5 percent 
sulfur .  
t o  appreciable  modification. 

These a r e a s ,  ou t l ined  i n  f igure  6 ,  are highly generalized and a r e  subject  

The l a r g e s t  of the three  low-sulfur a reas ,  and the most important on 
the basis of tonnage of coal produced, is i n  No. 6 Coal i n  Franklin County and 

1 

4 
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adjacent  portions of J e f f e r son  County to the north and Williamson County t o  the 
south and i s  s imilar  t o  the area reported by Cady (1919). 
the lw sul fur  area has  been based on the following information: 

The de l inea t ion  of 

1 )  Data from the  f i l e s  of the I l l i n o i s  Stat2 Geological Survey on 
face channel samples of mines, most of which have been published 

2) Evaluation of a few miscellaneous coal  samples from mines i n  the 

3) 

U t i l i z a t i o n  of the data  i n  1)  and 2) above is  self-explanatory,  but  

I by Cady (1935b, 1948). 

1 general  area and from diamond d r i l l  core analyses. 
I n t e r p r e t a t i o n  of drill logs based on character  of overlying s t r a t a .  

I 

3) should be more f u l l y  explained. The in t e rp re t a t ion  of d r i l l  logs is  based on 
the observation t h a t  i n  t h i s  general  area where No. 6 Coal has  a thick gray shale 
overlying the c o a l ,  the  su l fur  content i s  r e l a t i v e l y  low. Conversely, where the 
black "slaty' '  sha l e  and m r i n e  limestone l i e  close t o  the top of the coa l ,  the  
su l fur  content i s  subs t an t i a l ly  higher. This a s soc ia t ion  of high s u l f u r  coal  and 
overlying marine beds has a l s o  been reported for  Russian and B r i t i s h  coals  (Yurwski, 
Mangubi, and Zyman, 1940; Wandless, 1959; Williams and Cawley, 1963). 

> 

'. 
The low su l fur  area i n  Frankl in ,  Williamson and Je f f e r son  Counties i s  

out l ined primarily by analyses of mine samples. 
t ion  of the "low-sulfur" l i n e  a r e  based on in t e rp re t a t ions  of d r i l l  hole logs of 
va r i ab le  qua l i t y  including e l e c t r i c  logs of o i l  test  holes,  The presence of m o r e  
than 20 f e e t  of gray shale immediately above the coal  has been used as ind ica t ing  
low s u l f u r  content and l e s s  than 10 f e e t  betveen the coal  and the overlying black 
shale  and limestone as ind ica t ing  higher su l fur  area. Intermediate thicknesses 
of gray shale  have been variously in t e rp re t ed  depending i n  la rge  measure on the 
geographic r e l a t ionsh ip  of such datum points.  

However, d e t a i l s  of the configura- 

A l l  of the low su l fur  l i n e s  on the map ind ica t e  a reas  i n  which the 
The a n a l y t i c a l  data s u l f u r  content i s  believed t o  average 2 percent or  less. 

within the Franklin-Williamson-Jefferson Counties area ind ica t e  t h a t  most of the 
area out l ined contains  coal  with less than 1.5 percent s u l f u r  (as  received bas i s ,  
face channel sample), and a subs t an t i a l  p a r t  of the a rea  has included coal ,  now 
l a rge ly  mined, which averaged less than 1 percent sulfur .  

I n  the western p a r t  of t h i s  low-sulfur a rea  there  is  a port ion mapped 
as containing " s p l i t  coal." The s p l i t  cons i s t s  of beds of sha le  and s i l t s t o n e  
interbedded between coal  benches. It  i s  believed t h a t  most of the coa l  i n  the 
"sp l i t -coa l"  area is  probably of low-sulfur content. 
the low su l fur  area extends l o c a l l y  a r e l a t i v e l y  short  d i s t ance  w e s t  of the " s p l i t  
coal" area. 

As shown on the map (f ig .  6), 

A second important a r ea  of low-sulfur coal  occurs i n  the Harrisburg 
(No. 5) Coal i n  Sal ine County. Coal with less than 1 percent s u l f u r  has been 
mined i n  t h i s  a r ea  and the re  i s  a subs t an t i a l  a r ea  i n  which the  coal  probably 
averages less than 2.5 percent s u l f u r  as shown i n  Figure 7. This a rea  is much 
less w e l l  defined than the previously described low-sulfur a r e a  of No. 6 C o a l  
because much less data concerning i t  a r e  available.  

A t h i r d  s u b s t a n t i a l  area of low-sulfur No. 6 Coal l ies i n  parts of 
Madison and St.  C la i r  Counties i n  the v i c i n i t y  of T ~ o y ,  I l l i n o i s ,  and i s  shown 
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i n  f igure  6.  Although less is known of t h i s  area than the areas  described pre- 
viously,  there  i s  perhaps.up t o  70 square m i l e s  of coal with a su l fur  content 
l e s s  than 1.5 percent. Analyses of face channel samples from one mine which 
operated i n  t h i s  low-sulfur a r e a ,  reported by Cady (1948), showed the coal  t o  
average less than 1 percent su l fu r ,  

Ver t i ca l  and La te ra l  D i s t r ibu t ion  of Varieties of Sulfur 

The va r i a t ions  i n  both p y r i t i c  and organic s u l f u r  i n  the individual  
coal  seams a r e  very l a rge  when considering the state a s  a whole, a s  can be seen 
from f igu res  1 and 2. There have been, however, differences of opinion as t o  
the amount of l o c a l  va r i a t ion  which exists i n  the organic su l fur  content. There 
a r e  no such differences of opinion concerning the p y r i t i c  su l fur  d i s t r i b u t i o n  
inasmuch a s  extremely loca l i zed  concentrations of secondary p y r i t e  a r e  c m o n .  

Cady (1935a, p. 30, 31) observed, "Local va r i a t ion  i n  organic su l fur  
is r a r e l y  more than 1 percent,,." ... and general ly  not  more than 0.5 percent 
i r r e spec t ive  of the locali ty.",  and "...the organic su l fur  i s  the bes t  index of 
the su l fur  content  and the organic  su l fur  content i s  r eg iona l ly  cons i s t en t  for  
each coal bed." Yancy and Fraser (1921) s tudied extensively the va r i a t ions  i n  
v a r i e t i e s  of su l fur  both v e r t i c a l l y  and l a t e r a l l y  within a s ing le  mine i n  southern 
I l l i n o i s .  Concerning the lateral v a r i a t i o n  i n  organic su l fur  they concluded tha t  
uniformity i n  organic s u l f u r  d i s t r i b u t i o n  i s  confined t o  very l imited a reas  i n  
the coa l  seam (Yancy and F rase r ,  1921). They found t h i s  va r i a t ion  t o  be large 
within a s i n g l e  mine, although not  as la rge  as va r i a t ions  i n  p y r i t i c  su l fur ,  
within the mine s tudied,  the brganic s u l f u r  i n  the face channel samples (No. 6 
Coal) ranged from .69 t o  1.90 percent  and the p y r i t i c  s u l f u r  from .66 t o  3.17 
percent, It h a s  been suggested (Cady, 1935a, p. 31) t h a t  t h e  wide range i n  
organic s u l f u r  observed by Yancy and Praser (1921) may be a t t r i b u t a b l e  i n  some 
way t o  the loca t ion  of the sampled mine on the margin o f  the area of low su l fur  
coal  i n  Frankl in  County. 

Yancy and Fraser  (1921) a l s o  analyzed ind iv idua l  benches of face chan- 
n e l  samples for  v a r i e t i e s  of su l fu r .  
mine i n  southern I l l i n o i s ,  s i x  samples from a mine i n  w e s t  Kentucky i n  No. 7 
Coal, and two samples from a mine i n  Kentucky No. 8 Coal. The organic su l fur  
content w a s  r e l a t i v e l y  uniform between benches of the individual  face channel 
samples. 
percent and a maximum of 1.25 percent,  
channel had an organic s u l f u r  content  within 25 percent of each other. 

They took 12 face channel samples from a 

The g r e a t e s t  v a r i a t i o n  i n  any s ing le  sec t ion  w a s  a minimum of 0.57 
Most of the benches i n  a s ingle  face 

.The v e r t i c a l  v a r i a t i o n  i n  p y r i t i c  s u l f u r  was found t o  be very large 
between d i f f e r e n t  benches i n  the  same face channel sample, ranging, i n  two in-  
s t ances ,  from 0.81 percent  t o  5.54 percent and from 0.02 percent t o  2.09 percent. 
Yancy and Fraser  (1921) r epor t ed  t h a t  i n  near ly  every sec t ion  (face channel sample) 

most and lowermost benches. This conclusion was found t o  be t r u e  for  t h e i r  samples 
of I l l i n o i s  No. 6 Coal and f o r  the Kentucky No. 7 Coal. 
Kentucky No. 8 Coal had t h e  h ighes t  p y r i t i c  su l fur  i n  the lowest benches but  the 
uppermost benches were r e l a t i v e l y  low i n  sulfur .  Wandless (1959) i n  a general  
discussion of tk occurrence of s u l f u r  i n  Br i t i sh  coals  reached conclusions which 
support  Yancy and Fraser i n  recognizing the concentration of p y r i t e  a t  the top 

the p y r i t i c  s u l f u r ,  and thereby a l s o  the t o t a l  s u l f u r ,  were much higher i n  upper- ,- 

The two samples of the 
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and bottom of the coa l  and a l s o  i n  the r a the r  uniform organic su l fu r  composition 
i n  a s ing le  sect ion.  
i s  uniform over a wide area i n  a s ingle  seam i s  i n  b e t t e r  agreement w i t h  the 
similar observation for  I l l i n o i s  coals  by Cady (1935a). 

However, Wandless' (1959) observation t h a t  organic su l fu r  

Further s tud ie s  on the  v a r i e t i e s  of sulEur and t h e i r  v e r t i c a l  and 
lateral va r i a t ion  are i n  progress. Preliminary r e s u l t s  suggest t h a t  a concen- 
t r a t i o n  of p y r i t i c  su l fu r  a t  the  top and bottom of the coa l  tends t o  occw i n  
No. 6 Coal samples obtained f r m  southern I l l i n o i s ,  and t h a t  the v e r t i c a l  d i s t r i -  
bution of organic su l fu r  within these coa ls  i s  r e l a t i v e l y  uniform. 
w i l l  allow more de f in i t e  conclusions t o  be drawn concerning the loca l  va r i a t ion  
l a t e r a l l y  i n  organic sulfur .  

Further data  

Wandless (1959) i n  a review a r t i c l e  on su l fu r  i n  B r i t i s h  coa ls  stated 
an admonition with which we h e a r t i l y  concur. 
chemical analyses of su l fu r  i n  coal  he wrote, (Wandless, 1959, p. 259) "Unfortu- 
nately the number of exceptions t o  these general izat ions is s u f f i c i e n t  t o  render 
them non-specific i n  individual  cases. Here, a s  elsewhere, the examination of 
very la rge  numbers of samples provides a graveyard fo r  promising general izat ions;  
nevertheless ,  the t rends noted a r e  i n t e r e s t i n g  and can, with proper caut ion,  
prove useful  on occasion." 

Concerning conclusions drawn from 
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Figure 4.  Microscopic pyrite i n  coal .  A l l  photomicrographs 
are of,samples o f  No. 6 Coal taken in  ref lected  
l ight .  

a .  Discrete grains i n  v i t r i n i t e  
b .  Cavity f i l l i n g s  i n  fus in i t e  
c .  Crysta l l ine  "fiber-bundles" i n  v i t r i n i t e  
d .  Crysta l l ine  aggregates in  v i t r i n i t e  
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SCANDIUM I N  AUSTRALIAN COALS AND RELATED MATERIALS 

D.J .  Swaine 
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Commonwealth S c i e n t i f i c  and Indus t r ia l  Research Organization 

P.O. Box 175, Chatswood, New South Wales, Australia 

INTRODUCTION 

There is a continued i n t e r e s t  i n  the general  chemistry of scandium and i n  special  
propert ies  of. the metal and i ts  compounds. 
amount of scandium have been used as  s o l i d  s t a t e  devices i n  e lectronics ,  and the proper- 
t i e s  of a l loy  systems of scandium are  being investigated i n  various laboratories.  
metal has a high melting point and a low demity.  
than tha t  of yttrium and the lanthanide ions, which means t h a t  i t  is not commonly assoc- 
i a t e d  with the lanthanide elements, but ra ther  with elements such as i ron  (as Fe2+). 
Scandium f o m  complexes readi ly .  

For example, f e r r i t e s  containing a small 

The 
The atomic radius of S c p  is  smaller 

1 Despite i t s  widespread occurrence i n  rocks and minerals, only two d e f i n i t e  minerals , 
of scandium have been reported,  namely t h o r t v e i t i t e  ( S C , Y ) ~ . ~ S ~ O ~  and s t e r r e t t i t e  
S c P 0 4 . 2 ~ 0 .  
has led t o  i n t e r e s t  i n  sources of scandium, amongst which coal ash, with i t s  wide var ie ty  
of inorganic const i tuents ,  of ten enriched r e l a t i v e  t o  common rocks and sediments, would 
seem t o  be a possibi l i ty .  The first determinations of scandium i n  coal were probably 
those carr ied out by Goldschmidt and Peters  (1 1, who found 3-300 p.p.m. Sc i n  1 4  samples 
of ash from bituminous and brown coals  (0.1-8 p.p.m. on a coal basis) .  
(2)  found < 1 t o  100-1000 p.p.m. Sc, with most values between 10 and 100 p.p.m., i n  319 
samples of low-rank coals  from the U.S.A. 
sources Of scandium i n  the U.S.A., R o s s  and Rosenbaum (3) analysed 13 coal-ash samples; 
these contained 10-30 p.p.m. Sc. 
survey o f  Australian coals  and re la ted  materials f o r  scandium, 

i The scarc i ty  of  these and other minerals containing more than O.l-O.& Sc 

1 ,- Deul and h e l l  

A s  par t  of a general survey of diverse possible 4 
The present paper gives the  r e s u l t s  of an extensive 

SCANDIUM I N  COAIS AND VITRAINS 

General information on the  coal samples is given i n  Table 1 ,  and the  geographical 
locat ions of the coalf ie lds  a r e  shown i n  Fig. 1 .  Deta i l s  of the emission spectrographic ' 
method of  analysis a re  given i n  the Appendix. 
f r o m  the Sydney Basin (Table 1 )  t h a t  the overa l l  assessment of the scandium s t a t u s  given 
by clean-coal composites d i f f e r s  l i t t l e  from t h a t  given by whole-seem composites or  sub- 
sec t ion  samples. 
composites. 
2-4 p.p.m.) i n  the N.S.W. and Queensland Permian coals. 
were found f o r  the Rosewood-Walloon coals (mean 7 p.p.m.) and the highest  values were 
found f o r  the West Moreton coals  (mean 15 p.p.m.). 
the v i t r a i n s  (Table 2 )  which had been separated by f lo ta t ion ,  usually at a spec i f ic  grav- 
i t y  of about 1.3, from samples of most of the seems referred t o  i n  Table 1 .  

It is c l e a r  from the  r e s u l t s  f o r  coals 

Hence, later determinations were usually carr ied out on clean-coal 
These r e s u l t s  showed t h a t  there  w a s  a f a i r l y  constant concentration (mean 

However, s l i g h t l y  higher values ,/ 

These trends were a l so  apparent in 

Most of the coal ashes had scandium contents close t o  the Clarke (i .e.  the  mean 
abundance of scandium i n  the ear th 's  c r u s t ) ,  which has recent ly  been reassessed (4) &9 

30 p.p.m. Sc, the main exceptions being some of the Queensland coals. However, apar t  
from the Latrobe Valley b r a  coals ,  in which scandium w a s  not detected,  the  concentrat- 
ions i n  most of the coal  ashes exceeded the mean content of 10 p.p.m. Sc in sedimentary 

,/ 
/' 
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rocks (5)  and t h a t  of 8 p.p.m. Sc f o r  subsoi l s  (6).  
i n  the  Sydney Basin had < 3-16, with a mean of 7 p.p.m. Sc. 
generally showed d i s t inc t  enrichment r e l a t i v e  t o  the  ear th ' s  crust  o r  sedimentary rocks, 
and the enrichment fac tors  f o r  t he  former (i.e. the  r a t i o  of mean content t o  t h e  Clarke) 
varied from about 1.5 t o  10. 
which was found i n  samples from three seams i n  the West Moreton coa l f ie ld ,  exceeded t h e  
highest reported value i n  coal ash of 300 p.p.m. Sc ( 1 ) .  

Shale bands associated w i t h  coals 
The ashes of the v i t r a ins  

The maximum content of 600 p.p.m. Sc (i.e. 0.09% Sc2Qj), 

MODE OF OCCURRENCE OF SCANDIUM 

The f a c t  tha t  there  is a f a i r l y  high concentration of scandium in the v i t r a ins ,  
which contain only t races  of clay and other minerals present in  the bulk coal,  suggests 
t h a t  pa r t  of the scandium i n  t h e  coal is organically bound. 
on s i x  samples of coals from the  Sydney Basin i n  order t o  ascertain t h e  extent and vari- 
a b i l i t y  of t h i s  association with the  coal substance, 
treatment with acids t o  reduce the  ash y i e ld  t o  about 1% o r  l e s s  (7).  
determined i n  the  coal before and a f t e r  demineralization and calculations showed t h a t  
between 40 and 9% of  the scandium i n  the  or ig ina l  coal w a s  organically bound t o  the 
coal substance. 

Experiments were car r ied  out 

Each sample w a s  demineralized by 
Scandium w a s  

A s  there  w a s  a l so  some scandium associated with the  mineral matter i n  the  coals, 
i t  w a s  decided t o  ascer ta in  the  scandium content of minerals o r  mineral-rich materials 
which had beer, separated from ce r t a in  coal seams. 
w a s  detected i n  some s ide r i t e s ,  kaol in i tes  and ca lc i tes ,  a l b e i t  in  l ay  concentrations, 
On the bas i s  of its atomic radius (0.81) scandium m a y  be expected t o  be able t o  replace 
several  cations - f o r  example, Fe2+, 
minerals f o r  Sc3+ are those high i n  F$ - f o r  example, pyroxenes and b i o t i t e  - although 
it is  not c l e a r  how the- subs t i tu t ion  is effected,  depending as it  does on a secondary 
replacement or rearrangement t o  balance the otherwise excess pos i t ive  charge. The pres- 
ence of scandium i n  some of the siderites may be the r e s u l t  of a Sc3+-Fe2+ replacement. 
The association of scandium with a limestone, possibly replacing Ca2+ ( 8 ) . m a y  be relevant 
t o  the  detection of scandium i n  some of the ca l c i t e s ,  where a similar replacement may 
have occurred. As scandium i s  unlikely t o  be subs t i tu ted  i n  l a t t i c e  posit ions o r  inter-  
s t i t i a l l y  i n  kaol in i te ,  i ts presence i n  the  l a t t e r  is probably due t o  adsorption. So 
far, it has not been possible t o  separate an apa t i t e  from Australian coals,  but a sub- 
sec t ion  sample of a Burrum coal,  lmown t o  be high i n  phosphorus present as f luorapa t i te ,  
contained a lower concentration of scandium than the clean-coal composite of which i t  
w a s  a part .  

As w i l l  be seen from Table 3 ,  scandium 

+, Nn2+, Zr4+, Sn4+. The most comon host 

Hence i n  t h i s  case there was no enrichment of scandium as phosphate. 

SCANDIUM I N  COKE. BOILER DEPOSITS AND FLY-ASH 

The r e su l t s  i n  Table 4 show t h a t  scandium, unlike several  o ther  t r ace  elements i n  
Austral ian coals, is not enriched i n  bo i l e r  deposits (9 ) .  The concentrations i n  coke 
and fly-ash &e much the same as i n  coal ash. As expected, t he  Queensland cokes had 
higher scandium contents than those made from N.S.W. coals. 

DISCUSSION 

The r e su l t s  f o r  scandium i n  Australian coals indicated a trend from the Latrobe 
Valley brown coals, i n  which this element was not detected (i.e. < 0.5 p.p.m.), t o  the 
West Moreton bituminous coals with a mean content of 15 p.p.m. 
coa ls  a r e  Triassic,  so  is Callide coal,  which is  low i n  scandium, and, i f  the  one v i t r a i n  
sample i s  a guide, then Leigh Creek coals,  which are a l so  Tr iass ic ,  w i l l  have s i m i l a r  
scandium contents t o  the  N.S.W. and Queensland Permian coa ls  (mean 2-4 p.p.m.). 
age is probably not t he  f a c t o r  relevant t o  increase i n  scandium concentration. It i s  
more l i k e l y  that the  high scandium ccntents i n  the  West Moreton coals were brought 
&out by adsorption from solutions emanating from source rocks, especially those of 

Although the l a t t e r  

Hence, 
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igneous origin,  which were able t o  supply a higher concentration of  scandium t h m  w a s  
avai lable  i n  other areas. 
small radius and high charge should favour t h e  formation of stable organic complexes, 
effect ing the removal of S c p  from percolating solut ions and its f ixa t ion  i n  the coa l  
substance. 
are  no minerals associated with Australian coals  t h a t  are  great ly  enriched. 
s i d e r i t e s ,  kaol ini tes  and, t o  a l e s s e r  extent,  ca lc i tes ,  showed low scandium contents, 
and these are  the consti tuents of the  mineral matter i n  coal which contribute scandium. 
As i n  the  earth 's  crust ,  scandium is  ubiquitous i n  Aus t r a l i an  coals. 

Results f o r  a range of b o i l e r  deposit2 formed during the burning of bituminous 
and hard brown coals e i ther  by g r a t e  o r  pulverized-fuel f i r i n g ,  shaved t h a t  no enrich- 
ment of scandium had occurred. From the  point of view of possible use as a source of 
scandium, the ash from cer ta in  coals  and v i t r a i n s  from the  West Moreton coalf ie ld  merits 
some consideration. It is  d i f f i c u l t  t o  ascer ta in  the present pr ice  of scandium, but 
i n  1962 i t  w a s  quoted 88 $2700 per pound of 9!$ pure S c 2 9  (3). 
a b i l i t y  of fur ther  production of scandium, e i ther  from a low-grade, by-product source 
by solvent extraction (10) o r  from a higher-grade material ,  r e s t s  on the value assigned 
t o  i t s  compounds and al loys i n  modern technology. 

The t r i v a l e n t  scandium ion i s  r ead i ly  adsorbed and its 

Although the r e l a t i v e  amounts of organically bound scandium vary, there 
Some 

However, the desir- 
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I MPEWDIX. METHOD OF ANALYSIS 

i Gravimetric and spectrophotometric methods, often a f t e r  separation of a scandium- 

However, 
r i c h  fract ion by solvent extract ion,  cation exchange or paper chromatography, have been 
reported frequently in the  recent l i t e r a t u r e  f r o m  the U.S.A., Japan and Russia. 
s ince sa t i s fac tory  chemical methods f o r  scandium are  usually long and involved, more 
d i rec t  methods, such as neutron act ivat ion,  X-ray spectrography and emission spectrography, 
a re  preferable. For a survey of diverse materials varying widely i n  scandium content, 
emission spectrography is well  su i ted ,  and w a s  used i n  t h i s  investigation. 

I 

/C' 

Samples which were malnly carbonaceous, f o r  example coals and v i t r a i n s ,  were 
/ ashed at 8 0 0 ° C  pr ior  to analysis,  while low-carbon materials,  such as boi le r  deposits 

and fly-ash, were not ashed. Samples should be about 100 B.S. mesh o r  l ess .  Two 
spectrographic techniques were used, br ief  d e t a i l s  of each being a s  follows: 

(i) When suf f ic ien t  sample w a s  avai lable ,  20 mg, f o r  example, of coal ash w a s  mixed 

i n t o  a graphite electrode of the type undercut below the cup to  increase the  temperature 
with 20 mg of graphite powder in  a s m a l l  vibratory b a l l  m i l l ,  and the mixture w a s  f i l l e d  ,I 
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and thereby assist vola t i l i za t ion .  Anode exc i ta t ion  w a s  used i n  a 9-amp. d.c. arc,  
with a 4.5-mm arc  gap and an exposure time of 2.5-3 min ( t o t a l  burn). 
matic Large Quartz (E492) spectrograph w a s  used and the spectra were photographed on 
I l fo rd  N.50 (Thin Film Half Tone) plates.  
were made by v isua l  comparison with standard spectrograms. 
a synthetic matrix of similar major-element composition to  the  samples. The analysis 
l i nes  used were the ion l i ne  at  2552.361 and the atom l i n e  at  3269.901. The former l i n e  
is singularly f r ee  from interference,  apart  from platinum which is ra re ly  found, and the  
l a t t e r  l i n e  can be used in  the  presence of up t o  2% iron and/or 1% zirconium without 
interference. Each of these l i n e s  had a de tec t ab i l i t y  of 10 p.p.m. SC. The synthetic 
standards were checked by using them t o  determine scandium i n  the  synthetic rock sample 
W-1 (U.S. Geological Survey). The value of 40 p.p.m. Sc obtained is c lose  t o  most of 
the values reported; of the 20 values l i s t e d  by Fryklund and Fleischer (4), 17 were i n  
the range 25-70, with a mean of 40 p.p.m. Sc. 

(ii) 
removed from coals - a microspectrographic method w a s  used. 
l i thium tetraborate plus graphite powder (usually 2+3+5 mg respectively),  and f i l l e d  i n t o  
a small graphite electrode. New standards 
were prepared, and the de tec tab i l i ty  w a s  20 p.p.m. f o r  Sc 2552 and 40 p.p.m. f o r  Sc 3269. 

A Hilger Auto- 

The f i n a l  semi-quantitative estimations 
Standards were prepared i n  

When only 1-7 mg of s m p l e  was available - f o r  example, i n  the  case of some minerals 
The sample was mixed with 

The arcing procedure was the  same as before. 

For the determination of scandium i n  minerals separated from coal ( fo r  example, 
pyr i te ,  s i d e r i t e  and ca l c i t e )  separate t e s t s  were carried out t o  ascer ta in  the su i tab i l -  
i t y  o r  otherwise of the standards, and corrections were made, i f  necessary. The standard 
Sulphide Ore-1 (Canadim Association of Applied Spectroscopy) w a s  found t o  contain 

-20 p,p.m. Sc compared with the  recommended value of 25 p.p.m. 

FIG. 1. - LOCAT 

Bowen Basin 
Callide 
Burrum 

West Moreton 
Rosewood- Walloon 
Ashford 
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ON OF COALFIELDS 
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TABLE 1. CONTENT OF SCANDIUM I N  AUSTRALIAN COALS 

No. of 
Samples 

1 
27 
1 1  
6 

20 

1 

~~ 

Coalfield 

p.p.m. Sc 
On Air-dried 

Basis On Ash Basis 

Range Of Mean Range Of Mean Values Values 

- 150 - 2.5 
100-600 350 4-20 10 
60-300 150 2-10 6 
100-150 120 1.5-3 2 

30-250 100 0.9-7 2.5 

- 4 0 -  4 
1 

&LIEENSLAND (bituminous) 
C a l l i d e  
West More ton 
Rosewood-Walloon 
BurrUm 
Bowen Basin 

NEW SOUTH WALES (bituminous) 
Ashford 
Sydney B a s i n  

(coal subsection samples) 
(whole-seam composites) 

VICTORIA ( sof t  brown) 
Latrobe Valley 

( l o w  ash, i . e . <  6) 
SOUTH AUSTRALIA (hard brown) 
Leigh Creek 

Geologica: 
Age 

Biassic 
B i a s s i c  
Jurass ic  
Cretaceou 
Permian 

Permian 
Permian 

Ter t ia ry  

P i a s s i c  

No. of 
Seams 
lampled 

1 
12 
2 
1 
10 

1 
20 
20 
20 

2 

3 

No. of 
amples 

1 
24 
7 
1 
12 

1 
e8 
282 
26 

22 

37 

On Ash Basis 

iange of 
Values 

- 
30-1 50 
25-40 

10-50 
- 

- 
:lo-40 
:1 &loo 
C10-40 

- 

* 

- 
VIean - - 
30 
60 
35 
30 
30 

20 
20 
20 
20 

:10 

- 
- - 

Air-dried 
Bas 

Range oJ 
Values 

- 
7-30 
5-8 

1.5-6 
- 

- 
:0.4-6 
C 0.3-1 0 
61 -6 

- 

- 
- Note. 

* Detected i n  36 samples, but standards were not avai lable  f o r  semi-quantitative 

The above results r e f e r  t o  clean-coal composites, except where otherwise 
s ta ted.  

estimation. 

TABU 2. CONTENT OF SCANDIUM I N  VITRAINS 

Coalfield 

QUEENSLAND 
Callide 
West Moreton 
Rosewood-Walloox 
Bowen Basin 

NEW SOUTH wms 
Sydney Basin 

SOUTH AUSTRAZIA 
Leigh Creek 

L 
6an - - 
4 
15 
7 
3 
3 

2 
2.5 
2.5 
2.5 

:0.5 

- 
- - 
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TABLE 7 .  SCANDIUM IN MINETULS OR MINERALrRICH SAMPLES SEPARATED FROM COALS 

Brief Details of Samples 

4 from Queensland and N.S.W. 
coals; 2 from Lei& Creek 
coal 
From a Sydney Basin coal - 
nodular I 

From a West Moreton coal - 
nodular I 

From a West Moreton coal - 
mas s ive 
From Lei& Creek coal - 
I nodular 
From Sydney Basin coals 
Cleat filling from a 
West Moreton coal 
From Lei& Creek coal 
From a dirt band in a 
Sydney Basin coal 
From the roof measwes of a 
Rosewood-Walloon coal 
From a Rosewood-Walloon coal 
From a Sydney Basin coal 

Main Constituent p.p.m. Sc 

< 20 

30 

40 

< 15 

< 15 

< 10,10?,61 
40 

< 10 
10 

c 10 

15 
25 

Pyrite 

Siderite 

Siderite 

Siderite 

Siderite 

Calcite 
Secondary carbonat 

Gypsum 
Mudstone 

(high in Ca) 

Bentonite 

Kaolinite 
Kaolinite 

No. of 
jamples 

6 

1 

1 

I 

1 

3 
1 

1 
1 

1 

1 
1 

TABLE ‘4. CONTENT OF SCANDIUM IN COKE, B O I m  DEPOSITS AND FLFASE 

(Values are in p.p.m. SC) 

Description of Samples 

Cokes made from N.S.W. coals 
Cokes made from Queensland coals 
Fused material and deposits from walls 

Deposits from various parts of a 
of carburettor in water-(;as plant 

spreader-stoker-fired boiler, burning 
bituminous coal 
Deposits on super heater tubes of 
chain-grate stoker fired boiler, 
burning bituminous coal 
Inner deposits 
Outer deposits 

Deposits from screen tubes and 
superheaters of boiler, burning 
Leigh Creek coal under p.f. conditions 
Fly-ash from a N.S.W. bituminous coal 
Fly-ash from Leigh Creek coal 

No. of 
Sample: 

14 
3 
8 

32 

4 
1 

10 

21 
2 

l a n e  of 
Values 

25-40 
60-1 00 - 
20-30 

10-20 

.10-20 
- 

25-30 
20,30 

- - 
VIean 

30 
80 
15 

25 

- - 

10 
30 
10 

30 
25 - - 

Scandium 
in Ash 0: 
Coal Use( 

- 
- 

20 

20 

30 

- 

. .  
30 - 



The Effect  of Molten Caustic on P y r i t i c  Sulfur i n  Bituminous Coal 

P. X. Phsciantonio 

Applied Research Laboratory, U. S. S t e e l  Corporation, Monroeville, Pa. 

Introduction 

I n  a study r e l a t ed  t o  the  improvement of basic  r a w  materials in the s t ee l  
industry, t he  Applied Research Laboratory of the United S ta t e s  S t e e l  Corporation 
has been invest igat ing the  behavior of chemical reagents on mineral matter i n  coal. 
The e f f e c t  of various chemical reagents on p y r i t e  i n  coal has been investigated as 
a p a r t  of t h i s  study. 

It i s  w e l l  known t h a t  some mineral matter can be removed from coal  by 
physical separation techniques; however, the effect iveness  of such methods i s  limited 
by the  degree of pulverization t h a t  i s  p r a c t i c a l  and the  quant i ty  of f i n e l y  dispersed 
mineral matter t h a t  is present.  
moving e i t h e r  organic sulfur  from t h e  c o a l  o r  f i n e l y  dispersed p y r i t i c  sulfur  t h a t  
i s  embedded i n  the coal matrix. 
means, t he  sulfbr content of Robena coa l  decreases from 2.5 percent t o  about 1.7 percent. 

Chemical methods for  removing mineral mat  er from coal  have been reported 
t o  be qu i t e  successful.  Chemical methods reportedlj* include leaching with aqueous 
solut ions of n i t r i c  acid, chlorine,  hydrofluoric acid, and caustic,  as  wel l  as  extrac- 
t i o n  with various organic solvents t o  remove the coal  from t h e  r e s idua l  mineral matter. 
The e f f e c t  of mic oorganisms on p y r i t i c  s u l f u r  i n  coal  has been reported by the U. S. 
Bureau of The e f f e c t  of  molten-caustic solutions on the  mineral matter i n  
coal  has not been reported previously.  

Physical methods do not appear t o  be capable of re- 

For example, a f t e r  removal of  p y r i t e  by mechanical 

Molten-caustic solut ions have been used with success previously fo r  heat- 
t r a n s f e r  media, heat t r ea t ing ,  metal-finishing baths,  and e l e c t r o l y t i c  ref ining 
processes. The addition of various basic  compounds such as sodium carbonate during 
graphi t izat ion o r  carbonization has  a l s o  been reported. The invest igat ion reported 
i n  t h i s  paper describes t h e  e f f e c t  of molten-caustic solut ions on the  p y r i t i c  sulfur 
i n  bituminous coal.  

Experimental Work 

Robena coal  was the  p r inc ipa l  coal s tudied i n  t h i s  investigation. Samples 
of I l l i n o i s  coal and Wyoming coal  were also examined t o  extend the scope of the study. 
Propert ies  of t he  coals  can be seen i n  Table I. Ordinary reagent-grade p e l l e t s  of 
sodium hydroxide and potassium hydroxide were used ‘ t o  prepare the molten-caustic media. 
The experiments were conducted i n  a 1500-mil l i l i ter  s t a i n l e s s  s t e e l  ves se l  with an 
o u t l e t  valve a t  i ts  base fo r  removal of molten materials.  

The procedure employed f o r  t h e  treatment cons i s t s  of preparing a molten- 
caust ic  solut ion by melting together  equal p a r t s  of sodium hydroxide and potassium 
hydroxide. The caust ic  i s  heated t o  t h e  desired temperature, s t i r r e d  vigorously, 
and t h e  coa l  i s  added slowly as a powder t o  avoid foaming and overheating. About 
4 p a r t s  of caust ic  t o  1 p a r t  of coa l  a r e  used t o  obtain a r e a d i l y  handled melt. 
The treatment i s  exothermic and some gases a r e  evolved, especial ly  during the  coa l  
addition. A f t e r  t h e  treatment i s  completed a t  the desired temperature and fo r . t he  
appropriate length of t ime ,  s t i r r i n g  i s  stopped, and about f i v e  minutes a re  allowed 
fo r  separation of t he  coal from t h e  molten caust ic .  The molten caust ic  is  removed 
through the  bottom out le t  valve, and the  coal layer  i s  then cooled quickly i n  a 

* See References. . 

r 

r 



water bath and subsequently s lu r r i ed  i n  40 t o  50 percent aqueous caus t ic  t o  dis- 
perse the  coal and remove res idua l  inorganic materials. 
and washed with water t o  remove res idua l  caustic.  
vacuum a t  70 t o  80 c and stored i n  sealed containers. 

The coal i s  f i l t e r e d  o f f  
The samples a r e  then dried under 

The coals were analyzed for  su l fur  content, ash, v o l a t i l e  matter, carbon, 
and hydrogen. Data were a l s o  obtained on free-swelling index and Gieseler p l a s t i c i ty .  

Results and Discussion 

Laboratory s tudies  demonstrated t h a t  the  p y r i t i c  s u l m  i n  bituminous 
coa l  can be completelyeliminated by molten-caustic treatment. 
of highly a lka l ine  materials such a s  sodium acetate,  sodium hydroxide, potassium 
hydroxide, and calcium hydroxide were investigated, a 1-to-1 melt of sodium 
hydroxide and potassium hydroxide appears t o  be the  most su i tab le  medium because 
of i t s  thermal s t a b i l i t y  and l o w  melting point.  

Although a number 

The ef fec t  of temperature on the  extent of desulf 'urization i s  qui te  
pronounced, Table I1 and Figure 1. 
p y r i t i c  sulfur is  removed from the  coal, and below 150 C no observable pyr i te  
removal occurs. 
a s  the  temperature is increased above 225 C. 
a very f a s t  process at e i t h e r  250 C or 400 C, Here 2, and appears t o  be complete 
a f t e r  about f ive  minutes a t  e i t h e r  temperature. The su l fu r  content of t he  coal 
increases with a long t r ea t ing  t i m e  at  4-00 C because of t he  formation of s tab le  
su l fur  compounds by reaction of  the  coal with su l f ides  i n  the  molten caustic.  

A t  temperatures between 150 C and 225 C only 

A pa r t  of the  organic su l fur  of coal a l so  appears t o  be removed 
Pyr i te  removal by  molten caustic i s  

The e f f ec t  of coa l  s i z e  on the  molten-caustic treatment appears t o  be 
important only below 300 C. 
t rea ted  e f fec t ive ly  at 400 C and t h a t  py r i t e  removal i s  poor at  temperatures 
below 300 C unless minus 40-mesh coal i s  employed. 
"p las t ic"  a t  about 325 C and in te rac t ion  between the  caus t ic  and p y r i t i c  su l fur  
i s  thereby enhanced. 
r e s u l t s  a t  l o w  temperatures since only sulfwr at the  surface o f  s o l i d  p a r t i c l e s  
can be contacted by the  caus t ic  when the  coal i s  6ot p l a s t i c .  

Table I11 shows t h a t  plus 1/4-inch coal can be 

Robena coa l  appears t o  become 

A high degree of pulverization i s  necessary t o  obtain good 

The properties of coals t r ea t ed  with molten caus t ic  appear t o  be some- 

Coals t r ea t ed  a t  400 C and higher exhib i t  t h e  most s ign i f icknt  change 

what d i f f e ren t  from those of  t he  o r ig ina l  coal. 
free-swelling index, Gieseler p l a s t i c i ty ,  and other proper t ies  can be seen in 
Table IV. 
i n  properties.  

A comparison of proximate analysis,  

Although Robena and I l l i n o i s  coal .can be t r ea t ed  r ead i ly  by t h i s  tech- 

Data on molten-caustic treatment of Wyoming coal and I l l i n o i s  coal a r e  
nique, low-rank coals such a s  Wyoming coa l  are ser ious ly  decomposed by molten 
caus t ic .  
shown i n  Table V. 

The molten-caustic treatment may be su i tab le  fo r  preparing carbonaceous 

This technique may a l so  be u s e m  as an ana ly t i ca l  method f o r  deter-  
materials f o r  spec ia l  applications where low-sulfur and low-ash contents are of  
importance. 
mining p y r i t i c  su l fu r  i n  coal.  
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Summary -- 
An experimental inves t iga t ion  of t he  e f fec t  o f  molten caus t ic  on p y r i t i c  

sulf'ur i n  coals of various rank has been conducted. Laboratory tests showed t h a t  
a l l  p y r i t i c  sulfur can be removed from Robena coal by treatment with molten caustic.  
Robena coal and I l l i n o i s  coal appear t o  perform s imi la r ly  i n  molten caustic; however, 
Wyoming coal i s  severely decomposed during treatment. 

This technique may be  use fu l  i n  preparing low-sulfur, low-ash carbonaceous 
materials for  special  appl ica t ions .  Molten-caustic treatment of coa l  might a l so  
serve as an ana ly t i ca l  method f o r  determination of p y r i t i c  sulfwr. 
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Table I 

Coal Samples Used i n  Molten-Caustic Studies 

Total P y r i t i c  Organic 
Coal Sample Screen Size Sulfur, percent Sulfur, percent Sulfbr,* percent -. 

,' Robena 354 -40 mesh 1.64 0.58 1.06 

Robena R415 1/4 by 0 i n .  1.85 -- -- 
I l l i n o i s ,  Orient 1/4 by 0 in .  3.03 0.80 2.23 

Wyoming, Elk01 -40 mesh 0.72 negligible 0.72 

B 

! 

* Calculated difference between t o t a l  sulfur  and p y r i t i c  su l fu r .  

Table I1 

Mlten-Caustic Treatment a t  Various Temperatures 
(Minus 40-M~,h Robena Coal) 

-3 

Temperature, C 

150 

200 

250 

300 

350 

400 

\ \  

Time, mbutes  Sulfur i n  Coal, $ Coal Yield, $ 

30 1.56 93 

30 1.14 92 

30 1 .Ob 94 

30 0.99 89 

30 0.80 92 

30 0.51 93 

, 
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Table I11 

Comparison of Molten-Caustic Treatment of Various-Sized Robena Coal 

Treatment Treatment Sulfur 
Coal Size Temperature, C Time, minutes i n  Coal, $ 
114 by 0 in .  250 10 1.40 

-40 mesh 300 30 0.99 

114 by 0 in .  300 30 0.g6 

112 by 118 i n .  350 10 0.91 

-40 mesh 400 5 0.90 

114 by 0 in .  400 5 0.99 

1/4 by 0 in .  400 30 0.36 

112 by 114 in.  400 15 1.13 

Table IV 

Sulfur, 
Treatment k 

Robena coal 1.64 

Robena coal extrac- 1.64 
t e d  with t a p  w a t e r  

Robena coal  

112 h r  a t  150 C 

112 h r  a t  250 C 

1/2 hr a t  300 C 

112 h r  a t  350 C 

1 h r  a t  350 C 

114 h r  a t  350 C 

5 min a t  400 C 

112 h r  a t  400 C 

1.56 

1.04 

0.99 

0.80 

0.92 

0.91 

0.90 

0.51 

2 
7.31 

6.93 

6.16 

5 .% 

5.35 

6.06 

5.75 

5.22 

6.22 

4.9 

Volat i le  
k t t e r ,  $ 

36.1 

36.4 

35.2 

39.3. 

33.7 

32.2 

-- 
33.0 

32.5 

23.6 

Fixed 
Carbon, $ 

55.6 

56.4 

57.9 

60.8 

59.9 

60.0 

-- 
61.1 

61.2 

63.1 

H20, k 
1.05 

0.25 

0.74 

0.97 

1.07 

1.80 

0.13 

0.68 

0 .oo 

8.3. 

Free- 
Swelling 
Index 

6-112 

7-1/2 

5-112 

5 

3-112 

3 

2-1/2 

3-112 

3 

0 

Comparison of Properties of Untreated and Molten-Caustic-Treated Robena Coals 

7 n  

Gieseler 
Ikximum 
Fluidi ty  

34,000 

17,300 

-- 
4,380 
-- 
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Attempted Removal of  Sulfur from Coal and Coke 

P. H. Given and J. R. Jones* 

Department of Fuel Technology, The Pennsylvania State University, 

University Park, Pa. 

The purpose of this paper is to report briefly on some experiments 
designed to remove inorganic sulfur from coal or to prevent its retention in 
coke, by chemical means. It may be said at once that although some success 
was achieved, no method with promise of industrial practicability was found. 

A substan ial proportion of the sulfur in coals occurs as ferrous 
disulfide, Fe+'Si', usually in the mineral form known as pyrite. It is well 
known that pyrite dissociates to ferrous sulfide and sulfur, the dissociation 
pressure becoming appreciable at 450-500'. Ferrous sulfide is stable and 
undergoes little change before 1300-1400'. Various lines of work show that the 
sulfur released by the pyrite in coal during carbonization becomes fixed in the 
carbonaceous matter of the coke. Thus Cernic carbonized a series of coals 
in the presence of finely dispersed synthetic pyrite labelled with S35; she 
found that in all cases a more substantial proportion of the radioactivity 
was retained in the coke than could be accounted for by the ferrous sulfide. 

Mazumdar, Lahiri and their co-workers' investigated the reaction 
of sulfur with coal at 250-350°. 
they attributed to dehydrogenation of hydroaromatic structures in the 
organic matrix; others have suggested that in addition dehydrogenation and 
cross-linking of aromatic nuclei takes place3. If the coal is heated with 
sulfur at 300-350' and then carbonized, the yield of volatile matter is 
drastically reduced and the coke has an increased sulfur content2. 
known sulfur compound decompose at 500-600" with formation of hydrogen 
sulfide or mercaptans'; the latter substances, released during coal carbon- 
ization, could react elsewhere on the coal surface to give some firmly 
bound type of sulfur-carbon complex, their sulfur thus remaining in the coke. 

Much hydrogen sulfide was released, which 

Some 

It is evident therefore that a number of reactions involving sulfur 
can take place during coal carbonization, in which both inorganic and organic 
components play a part. Some of these reactions result in the formation of 
very stable organically bound sulfur complexes. Hence one possible way to 
reduce the sulfur content of coke would be to interfere with these reactions 
at temperatures below 600°, preferably in such a way that relatively stable 
volatile sulfur compounds are formed. The above ideas guided one of the 
series of experiments described in this paper: a coal was carbonized at 
600' in the presence of various additives, and the sulfur content of the char 
compared with that of a standard char prepared in the absence of additive. 

The other series of experiments was based on the reported solution 
Various reagent mixtures are stated to dissolve chemistry of pyrite536. 

* 
Research Chemist, Research and Development Centre, Armstrong Cork Company, 
Lancaster, Pennsylvania. 
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pyrite at temperatures of 20-looo, and it was hoped that one could be found 
that would remove the disulfide from coal without serious oxidation or other 
change of the organic substance. It is not clear from the literature what 
reactions occur in bringing the pyrite into solution. 
tations of the reactions tested with pyrite in coal are: 

The presumed interpre- 

1. Boiling potassium nitrate or chlorate with oxalic acid'; 
the ferrous iron in the presence of. the mild oxidizing agent probably 
gives the very stable ferric oxalate complex, while the sulfur forms 
potassium sulfite or sulfate. 

8 2 .  Stannous chloride and hydrochloric acid : the pyrite 
may be reduced so that ferrous chloride and hydrogen sulfide result. 

9 

ferric sulfate. This reagent has also been used for "sweetening" 
gasoline, since it removes sulfur from many organic sulfur co pounds, 
including thiophene if the pH is adjusted to weakly alkaline. 

3 .  Calcium hypochlorite.: the pyrite must be oxidized to 

f 
10 4 .  Aqueous potassium cyanide : it is stated" that pyrite 

does not dissolve on treatment with boiling saturated potassium 
cyanide for 6 hours. However, the following argument4 suggests that 
under the  conditions dissolution might take place. 

The solubility of pyrite in water is saidgto be 4 x 10 
11 - 5  gm mol./l., 

so that the solubility product would be 1.6 x 10 and the concentration of 
Fe*in equilibrium with the solid 4 x 10-5 gm. ion/l. 
unpublished work12 suggests that the figures are considerably too high, but 
that in view of the instability of the S2-2 ion its concentration could be 
suppressed and that of Fe* materially increased by removing oxygen from the 
system. Now if a suitable ligand were added to the suspension, such that 
Fe* is strongly complexed and its concentration in equilibrium with the 
complex reduced below that calculated from the solubility product of pyrite, 
the pyrite should in principle go into solution. One of the most stable 
complexes formed by Fe* is the ferrocyanide: 

However, recent 

Fe* + 6CN- 2 Fe(CN)i4 
for which the stability constant at 25' is 
that if pyrite dissolved in 5N cyanide solution until the ferrocyanide con- 
centration became 0.1 N, the equilibrium concentration of Fe* would be 
6 x gm. ion/l. Even if the solubility product of pyrite is consider- 
ably less than 1.6 x 10-9, it should still dissolve in cyanide solution. 
Equilibria should be more favorable at room temperature than 100'. Some 
experiments on the treatment of coal with cyanide solution have been made. 

Simple calculation shows 

B Results 

The coal used in this study was a high-volatile A. bituminous coal 
from Champion Mine of the Pittsburgh seam. 
given be low: 

Relevant analytical data are 

Proximate Analysis: Volatile matter 35.85% Ash 11.35% 
Fixed carbon 52.8% Moisture 1.19% 

Ultimate Analysis (d.m.m.f., Parr's basis) 83.4%C, 5.7%H, 1.6%N, 0.6%S, 
8.6% 0 (by diff.) 
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Sulfur Distribution: 

total 2.46%, pyritic 1.95%, organic 0.49%, sulfatic 0.02% 

% of total sulfur: 79% 2 0% 1% 

a 

-. 

A .  Change in Sulfur Distribution on Carbonization 

A 30 gm. sample of coal (65 x 150 mesh) was placed in a sample holder 
and lowered into a furnace already preheated to the desired temperature; a flow 
of nitrogen (1 litre/min.) passed upwards through the furnace. 
was left in the furnace for one hour after it reached temperature equilibrium, 
and then cooled in nitrogen. The char was then analysed for the total sulfur 
and the various inorganic forms of sulfur by standard A.S.T.M. procedures;13 
the organic sulfur is determined by difference. 
series of temperatures from 200-700'. The results are plotted in Figs. 1 and 
2 ,  where the sulfur distribution is shown as percentages of the total sulfur 
in the char and as percentages of the total sulfur in the raw coal respectively; 
the latter curve includes the proportion of sulfur lost in volatile products 
(obtained by difference). 

The sample 

Data were obtained for a 

It should be noticed that even by 200-300" there appears to be some 
gain of organic sulfur and loss of pyrite even though no ferrous sulfide could 
be detected. Possibly the organic material reduces pyrite, forming unstable 
sulfur-containing groups which subsequently are lost as volatile matter. 
points for organic sulfur could be made tolib on a curve having a maximum 
at 200-250" and a minimum at about 400°, which would support the above 
saggestion, but the number of points available hardly justifies the drawing 
of more complex curves than those shown in the figures. 

The 

It is clear that by 600-700" most of the pyrite has decomposed, that 
the sulfur lost by the pyrite is much more than equivalent to the amount of 
sulfide formed, and that the proportion of organic sulfur in the char has 
considerably increased. 

B. Carbonization in the Presence of Additives 

For these experiments, the same apparatus and methods were used as 
above. For each experiment, 27 gms. of coal and 3 gms. additive were mixed by 
hand for 30-60 minutes; the mix was apparently dry even when the additive was 
liquid, owing to adsorption. Two rates of heating were used, 5.5-5.8'/min., 
and 80-90°/min.; conditions during carbonization were static, that is, no 
nitrogen flow was used. 
temperature (600") for 15 minutes, and in the second for 60 minutes. The 
product, after cooling in nitrogen, was finely ground and analysed for total 
sulfur by the Eschka method. 

In the first case the sample was held at the maximum 

Twenty seven substances were tested as additives, of which all but 
three were organic. 
give water and possibly olefins on pyrolysis; several high polymers, which 
should give on pyrolysis monomers capable of picking up sulfur; and some 
aromatic and aliphatic oxygen compounds that might take up sulfur to give a 
stable but volatile heterocycllc compound. 
most of these substances gave a char containing less sulfur than if no 
additive had been used, but the effect was small. 
four substances listed in Table I. 
is slowly decomposed by ammonium chloride, a sublimate of ammonium sulfide 
being formed; at 335", 7% sulfur is lost in 25 minutes. 

They included various alcohols and sugars, which would 

Carbonization in the presence of 

It was appreciable for the 
It has been reported14 that powdered pyrite 
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TABLE I 

Carbonization of Pittsburgh Seam Coal at 600" in the Presence 

of Additives (10% concentration) 

Additive 

None 

Heating rate 
O Imin . 
92.2 
5.6 

Benzene-1,2,4,5-tetra- 
carboxylic dianhydride 80.0 

5.6 

p. diphenyl-benzene 77.5 
(Santowax P) 5.4 

Sodium borohydride, 72.5 
NaBH4 5.63 

Ammonium chloride 72.5 
5.6 

% loss  in 
wt. at 600" 

28.5 
23.8 

21.5 
16.2 

29.7 
23.6 

10.0 
6.72 

23.0 
21.4 

% S in 
Char 

2.11 
2.22 

1.60 
1.42 
2.03 
1.57 

1.64 
1.47 

1.68 
1.32 

S in coke 
s in coalX 

61.3 
68.8 

51.0 
48.4 
58 .O 
48.8 
60.0 
55.7 

52.3 
42.2 

It will be noticed that sulfur removal was more effective at the lower 
rate of heating. With the diphenylbenzene and the borohydride, hard cokes 
were obtained. Ammonium chloride yielded a very soft coke. The dianhydride 
gave a soft granular product, and the plastic zone appeared to have been 
destroyed or greatly reduced. At 5% concentration of additive the use of 
ammonium chloride showed some reduction of sulfur (1.87 and 1.93% B in the char 
at 70.5 and 65.6'Imin. heating rate respectively); the other substances had 
little effect. 

C. Treatment with Aqueous Solutions 
1. Potassium Cyanide. 200 HL of 10% cyanide solution (approx. 1.5N) were 
allowed to percolate through 30 gm. coal in a column. The coal was (a) 65 x 
150 mesh, and (b) -200 mesh, and percolation took 105 minutes and 36 hours 
respectively. No attempt was made to remove oxygen from the system. The product 
was washed with 200 ml. water, dried at 110" and carbonized as before. The 
total sulfur contents of the char were (a) 2.44, (b) 2.00%. 

2. Potassium Cyanide and Potassium Nitrate. 15 Gm. coal (65 x 150 mesh) was 
refluxed gently for 6 hours in a solution of 0.15 mole each of cyanide and 
nitrate in 250 ml. water. 
S (compared with 2.46% in the untreated coal). 
3. PotassiumNitrate and Oxalic Acid. A suspension of 15 gm. coal in 250 ml. 
of a solution of 0.01 mole oxalic acid and 0.02 mole nitrate was left at room 
temperature for 24 hours, and then refluxed for 8 hours. The sulfur content 
of the product wns.1.94%. 

The filtered, washed and dried coal contained 1.90% 

I 

4. Stannous Chloride and Hydrochloric Acid. The treatment was as i n  #3 (0.01 
mole each SnC12 and HC1). The sulfur content of the product was 2.35%. J-- 

5. Calcium Hypochlorite. A solution of 10 gm. hypochlorite in 190 ml. of 
water, adjusted to pH8 by addition of acetic acid, was allowed to percolate 
through 30 gm. 65 x 150 mesh coal (this took 3 hours). 
product was 13.3% (untreated coal, 11.35%) and the sulfur content 2.13% 

The ash content of the 

D. Discussion and Conclusions 

The preliminary experiments on sulfur distribution confirmed that 
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sulfur from pyrite becomes fixed in the organic matter of the char on 
carbonization, and that any interference with this process must take place at 
350-500' if it is to reduce the sulfur content of the char. Carbonization 
in the presence of certain additives did cause a marked removal of sulfur, 
though probably not as much as would be desirable in industrial practice. 
Under the conditions used, the amount of additive needed was relatively large 
and would be costly in practice; in two cases weak cokes were obtained. In 
addition, the use of ammonium chloride would give rise to serious corrosion 
problems. 
and reduced in extent is confirmed. For effective action it is no doubt 
necessary that the additive should volatilize and penetrate the coal particles 
(if the latter are as big as 65 x 150 mesh) or diffuse readily through the 
fused mass. 
bed up to 500-600" as a pretreatment in a fluidizing gas containing a fair 
partial pressure of ammonia, hydrogen, or possibly moist carbon dioxide, it 
is likely that the sulfur content of the char could be greatly reduced. 

However, the principle that sulfur fixation can be interfered with 

If very finely divided coal could be charred in a fluidized 

None of the treatment with aqueous solutions was particularly 
,effective. ibPever, it is striking that the cyanide treatment had no effect 
on 65 x 150 mesh coal with a contact time of 1 3 / 4  hours, but an appreciable 
one on -200 mesh coal in 36 hours. 
cyanide and potassium nitrateloxalic acid had an appreciable effect even on 

Of the other treatments, potassium nitrate/ 

\ the coarser coal size. 

There seems little doubt that the primary difficulty in all the sulfur 
removal processes tested is in getting adequate contact between the reagent 
and the finely dispersed pyrite grains. It seems probable that with a more 
sophisticated appreciation pf pyrite chemistry much of the pyrite could be re- 
moved from a coal with an aqueous solution of a suitable complexing agent, 
provided finely pulverized coal can be used. 

\ 

'\ 

Acknowledgement 

This work was supported by a contract from the Coal Research Board of 
the Commonwealth of Pennsylvania. 

\ 

\ 

--. 

References 

1. (Mrs.) S. Cernic, paper presented to 4th International Conference on 

2 .  
3. D. W. Van Krevelen, M. L. Goedkoep and P. H. G. Palmen, Fuel, 38, 256 

Coal Science, Le Touquet, France, 1961. 
B. K. Mazumdar, S. K. Chakrabartty and A .  Lahiri, Fuel, 38, 15 (1959). 

(1959); see, also M. S. Iyengar, S .  N. Dutta, D. D. Banerjee, D. K. 
Banerjee and S. K. Rai, Fuel, 39, 191 (1960). 

Research Assoc., 25, 165 (1961). 

Chemistry, Longmans Green and G o . ,  London and New York, Vol. 14, 

4 .  P. H. Given and W. F. Wyss, Monthly Bull. of British Coal Utilisation 

5. J. W. Mellor, Comprehensive Treatise on Inorganic and Theoretical 

1935, pp. 221-232. 
6 .  H. L. Barnes and G. Kullerud, Econ. Geol. 56, 648 (1961). 
7. H. C. Bolton, Ann. New York Acad., 1, 18 (1877), 2, 9 (1882); Proc. her. 

Assoc. Science, 2, 271 (1882); Chem. News, 37, 99, (1878); 42, 252 
(1883); Berichte, l3, 728 (1880). 



190 
i 

i 
8. V. Rodt, Mitt. Materialprufungsamt, 32, 432 (1914). 
9. National Benzole Co., Memorandum No. R452, 1945 (out of print) See also 

ref. 4, p .  171. 
10. T. G. Pearson and P. L. Robinson, J. Chem. SOC., 821 (1928). 
11. 0 .  Weigel, Sitzber, Ges. Naturw. Markung, 2 (1921); Zeit. phys. Chem., 58, 

12. H. L. Barnes, Dept. of Geology and Geophysics, Pennsylvania State University, 

13. American Society for Testing Materials, Standards op Coal and Coke (1954). 
14. A.  P. Brown, Proc. her. Phil. Socl., 33, 225 (1854); Chem. News, 7 l ,  220, 

294 (1907). 

personal comnunication. 

130, 144, 155, 171, 179 (1895). I 

r 



191 

w 

d 



192 
FEASIBILITY OF CONTINUOUS ASH MEASUREMENT OF COAL 

Robert  F. S tewar t  and William L. F a r r i o r ,  Jr. 

U. S. Department of  t h e  I n t e r i o r ,  Morgantown Coal Research Center  
Bureau of Mines, Morgantom, W. Va. 

An automatic  and cont inuous  method of measuring t h e  ash c o n t e n t  o f  c o a l  i s  
needed by t h e  c o a l  i n d u s t r y .  
t i o n  c o s t s ,  improve t h e  p r o d u c t ,  and t h u s  i n d i r e c t l y  i n c r e a s e  markets f o r  c o a l .  
E x i s t i n g  methods of a s h  a n a l y s i s  involve  a laborous process  of  sampling, sample 
p r e p a r a t i o n  and chemical a n a l y s i s ,  and t h e  r e s u l t s  may not  be a v a i l a b l e  f o r  s e v e r a l  
hours--perhaps long a f t e r  t h e  c o a l  h a s  been shipped.  For  b u l k  products  l i k e  c o a l ,  
sampling c o s t s  can e a s i l y  become a s i g n i f i c a n t  p r o p o r t i o n  of  product ion  c o s t s .  The 
i n d u s t r y  needs a cont inuous method of a n a l y s i s  t h a t  w i l l  permit  immediate c o n t r o l  of 
q u a l i t y  . 

Automatic c o n t r o l  of c o a l  q u a l i t y  would reduce prepara-  

One p o s s i b l e  method involves  a process  i n  which some type of  n u c l e a r  r a d i a t i m  
p e n e t r a t e s  a cons iderable  d e p t h  i n t o  t h e  c o a l ,  undergoes a n u c l e a r  r e a c t i o n  with t h e  
chemical e lements ,  and produces c h a r a c t e r i s t i c  r n d i a t i o n  t h a t  emerges from t h e  c o a l  and 
i s  measured. For  t h i s  method, on ly  neut rons  and gamma rays will provide  t h e  r e q u i r e d  
depth' of p e n e t r a t i o n .  When l a r g e  samples of c o a l  a r e  bombarded by e n e r g e t i c  neut rons ,  
t h r e e  n u c l e a r  processes  can o c c u r :  (1) e l a s t i c  s c a t t e r i n g ;  ( 2 )  i n e l a s t i c  s c a t t e r i n g ;  
and ( 3 )  c a p t u r e  and subsequent  decay. I f  t h e  e n e r g e t i c  neutrons are i n  t h e  MeV-energy 
range,  t h e  u s u a l  sequence of e v e n t s  is f o r  each neut ron  t o  make a number of e l a s t i c  
and i n e l a s t i c  c o l l i s i o n s ,  l o s i n g  energy wi th  each c o l l i s i o n ,  every  i n e l a s t i c  c o l l i s i o n  
leaving  t h e  bombarded nuc leus  i n  a n  e x c i t e d  state. When t h e  e x c i t e d  nuc leus  r e t u r n s  
t o  ground state,  prompt gamma r a y s  of c h a r a c t e r i s t i c  energy,  c a l l e d  i n e l a s t i c  g a m s ,  
are emi t ted .  Eventua l ly ,  a f t e r  a l a r g e  number o f  e l a s t i c  and i n e l a s t i c  c o l l i s i o n s ,  t h e  
neut ron  reaches  thermal e n e r g i e s  (about  0.025 e v )  and neut ron  c a p t u r e  t a k e s  place.  I f  
t h e  c a p t u r e  process  e x c i t e s  t h e  n u c l i d e ,  prompt gammas are e m i t t e d  by mechanisms 
s imilar  t o  t h a t  of t h e  i n e l a s t i c  s c a t t e r i n g .  These c h a r a c t e r i s t i c  gamma r a y s  are known 
as r a d i a t i v e  c a p t u r e  gammas. L a t e r ,  u s u a l l y  a f t e r  r e l a t i v e l y  long p e r i o d s  depending 
on t h e  h a l f - l i v e s  of t h e  r a d i o i s o t o p e s ,  t h e  n u c l i d e  may decay and e m i t  a b e t a  p a r t i c l e ,  
a gamma ray ,  o r  both. These l a t t e r  gamma r a y s  are known as a c t i v a t i o n  gammas. Both 
types  of gamma r a y s  have e n e r g i e s  character is t ic  of t h e  nuc leus  of t h e  element  from 
which t h e y  were produced, hence t h e  number of such gamma rays  can b e  counted and 
r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  e lements  i n  t h e  c o a l .  

Measurement and e v a l u a t i o n  of  gamma r a y s  of d i f f e r e n t  e n e r g i e s  involves  
measurement by a s c i n t i l l a t i o n  d e t e c t o r  and a n a l y s i s  by a pulse-he ight  a n a l y z e r  t h a t  
produces an energy spectrum.. Gamma r a y  s p e c t r a  from coal show broad b a s e - l i n e s  due t o  
v a r i o u s  i n t e r f e r e n c e  e f f e c t s  and peaks t h a t  a r e  c h a r a c t e r i s t i c  and p r o p o r t i o n a l  t o  t h e  
i n d i v i d u a l  e lements  i n  t h e  material. This  method o f f e r s  the  p o s s i b i l i t y  of ana lyz ing  
l a r g e  volumes of  m a t e r i a l - - s a y  hundreds of pounds of coal--and s i n c e  t h e s e  processes  
are r e l a t i v e l y  ins tan taneous  t h e y  would be a p p l i c a b l e  t o  continuous a n a l y s i s  of tonnage 
q u a n t i t i e s  of  moving c o a l .  

The minera l  matter c o n t e n t  of  c o a l ,  commonly r e f e r r e d  to  as ash ,  i n c l u d e s  
many compounds. Alumina, s i l i c a ,  i r o n  oxide,  l i m e  and magnesia g e n e r a l l y  comprise over 
95 p e r c e n t  o f  c o a l  a s h . i /  I f  each of t h e  e lements  i n  t h e s e  compounds, S i ,  Al., Fe,, Ca,  
and Mg, could  b e  measured by t h e  n u c l e a r  method d e s c r i b e d  above, a summation of  t h e s e  
measurements should-g ive  t h e  a s h  c o n t e n t .  To e x p l o r e  t h i s  p o s s i b i l i t y .  b a s i c  measure- _ .  
ments were made i n  a p h y s i c a l  arrangement  t h a t  could  be adapted t o  tonnage f low of coal. ,,' 

- 1/ Ode, W. H. Coal Analys is  and Mineral  Matter. Ch. 5 i n  Chem. of Coal U t i l i z a t i o n  

f 1963, pp. 202-231. , 
(Supp. Vol.), e d t  by  H. H. Lowry. John Wiley and Sons, Inc., New York-London, 
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Experimental  Equipment and Procedure.  Apparatus used i n  t h i s  work is  shown 
i n  f i g u r e  1. I t  c o n s i s t e d  of a neut ron  source ,  a heavy metal  a t t e n u a t o r ,  and a 
s c i n t i l l a t i o n  c r y s t a l  d e t e c t o r  surrounded by a c y l i n d e r  of c o a l .  The neut ron  s o u r c e s  
were mixtures  of plutonium and bery l l ium or of  americium and b e r y l l i u m  which produce a 
broad spectrum of neut ron  e n e r g i e s  ranging  from 1 t o  10 MeV by t h e  r e a c t i o n  of a lpha  
p a r t i c l e s  with t h e  bery l l ium t a r g e t .  
sources  because they  a r e  r e l a t i v e l y  inexpensive and because t h e y  provide  long-term 
unat tended o p e r a t i o n  a t  c o n s t a n t  f l u x .  Commonly, 50-mi l l ion  n e u t r o n s  p e r  second a r e  
produced by a few c u r i e s  of americium i n  a 1- inch-diameter  s teel  c a p s u l e .  
source  may b e  s h i e l d e d  by an inch  of lead  t o  reduce t h e  gamma f l u x  wi thout  a d v e r s e l y  
a f f e c t i n g  t h e  neut ron  output .  
beam of neut rons  by p l a c i n g  i t  i n  t h e  shadow of a cone-shaped tungs ten  a t t e n u a t o r ,  
8 t o  12 inches  i n  length .  
c r y s t a l  and p h o t o m u l t i p l i e r  tube,  i s  s h i e l d e d  from thermal neut rons  by a boron s h i e l d  
surrounding t h e  c r y s t a l .  

Radio iso tope  sources  were chosen as neutron 

The neut ron  

The s c i n t i l l a t i o n  c r y s t a l  d e t e c t o r  i s  s h i e l d e d  from the 

The d e t e c t o r ,  c o n s i s t i n g  of a 3- by 3- inch sodium i o d i d e  

About 50 pounds of c o a l  i s  p laced  around t h e  d e t e c t o r  i n  t h e  d i r e c t  p a t h  of  
t h e  neut rons .  F a s t  neut rons  from t h e  source  p e n e t r a t e  t h e  c o a l  producing i n e l a s t i c  and 
c a p t u r e  gamma rays ,  some of vh ich  i n t e r a c t  wi th  t h e  d e t e c t o r  c r y s t a l .  
produced by t h e  d e t e c t o r  are p r o p o r t i o n a l  t o  t h e  energy of t h e  i n c i d e n t  gamma photon. 
The l a t te r  are then  measured by t h e  mul t ichannel  a n a l y z e r  and s o r t e d  by ampli tude t o  
r e p r e s e n t  t h e  g a m a  r a y  spectrum. 

E l e c t r i c a l  p u l s e s  

R e s u l t s .  Gamma r a y  s p e c t r a  were o b t a i n e d  t h a t  showed s m a l l  peaks from t h e  
elements  i n  t h e  c o a l ,  p l u s  a l a r g e  amount of i n t e r f e r e n c e  from unwanted r a d i a t i o n  
measured by t h e  d e t e c t o r .  
with a n  unresolved spectrum from high-ash coa l .  
i n c l u d e s  background i n t e r f e r e n c e  and i s  that  p a r t  of t h e  total  spectrum between 0.6 and 
2.5 Mev. It  was ob ta ined  a f t e r  c o a l .  neut ron  source ,  and d e t e c t o r  were k e p t  i n  p l a c e  
f o r  90 minutes  t o  approach e q u i l i b r i u m  w i t h  r e s p e c t  t o  neut ron  a c t i v a t i o n .  
shows s e v e r a l  small peaks and two prominent peaks corresponding t o  t h e  s i l i c o n ,  
aluminum, and hydrogen i n  t h e  coa l .  Most of t h e  spectrum i s  due t o  t h r e e  major in te r -  
f e r e n c e  components which were es t imated  by several procedures  and are i n d i c a t e d  b y  
curves  A, 8 ,  and C. Curve A shows i n t e r f e r e n c e  from neut rons  t r a n s m i t t e d  through t h e  
a t t e n u a t o r  d i r e c t l y  i n t o  t h e  c r y s t a l ,  curve  B r e p r e s e n t s  a c t i v a t i o n  of t h e  c r y s t a l  
d e t e c t o r  by t r a n s m i t t e d  and s c a t t e r e d  neut rons ,  whi le  curve  C is o n l y  t h e  c r y s t a l  
a c t i v a t i o n  from t r a n s m i t t e d  neut rons .  

F i g u r e  2 shows t h e  v a r i o u s  i n t e r f e r e n c e  components t o g e t h e r  
The unreso lved  spectrum, o r  upper curve,  

Curve A 

Although s e v e r a l  improvements were made subsequent ly ,  i n c l u d i n g  a l t e r a t i o n  
of t h e  composi t ion and shape of t h e  a t t e n u a t o r ,  b e t t e r  d e t e c t o r  s h i e l d i n g ,  and d i f f e r e n t  
c o n f i g u r a t i o n  of t h e  c o a l  s a m p l e s - - i n t e r r e l a t e d  i n t e r f e r e n c e  e f f e c t s - - i t  was found 
d i f f i c u l t  to  remove a l l  of t h e  i n t e r f e r e n c e  and s t i l l  r e t a i n  a p h y s i c a l  c o n f i g u r a t i o n  
a d a p t a b l e  t o  tonnage f lows of coa l .  
decreased t h e  s e n s i t i v i t y  of measurement i n  a n o t h e r  p a r t .  U l t i m a t e l y ,  however, in te r -  
f e r e n c e  e f f e c t s  were i d e n t i f i e d  and reduced u n t i l  a s p e c t r a  was  o b t a i n e d  having 
c h a r a c t e r i s t i c  peaks t h a t  were reasonably  sharp  and c o n s i s t e n t .  

Improvements i n  one p a r t  of  t h e  spectrum o f t e n  

Typica l  r e s u l t s  are shown i n  f i g u r e  3, a 50-minute measurement of  40 pounds 
of bi tuminous c o a l  c o n t a i n i n g  9.4 p e r c e n t  combined s i l i c o n ,  aluminum, and i ron .  
Prominent gamma peaks i n  t h e  spectrum are from carbon,  hydrogen, and t h e  major a s h  
c o n s t i t u e n t s - - s i l i c o n ,  aluminum, and i r o n .  The 4.43 Mev carbon peak and i t s  two p a i r  
peaks being a t  r e l a t i v e l y  h i g h  energy r e q u i r e d  s p e c i a l  ins t rument  ad jus tment  to o b t a i n  
good r e s o l u t i o n ,  a s  shown by t h e  i n s e r t  t o  f i g u r e  3. The 2.22 MeV hydrogen peak 
c o n t a i n s  some c o n t r i b u t i o n  from s u l f u r  a t  2.24 MeV, which i s  d i f f i c u l t  t o  s e p a r a t e ;  
t h e  1.78 Mev peak of  s i l i c o n  c o n t a i n s  some c o n t r i b u t i o n  of t h e  1.77 Mev aluminum peak;  
and t h e  1.01 MeV peak of  aluminum i n c l u d e s  a few counts  of the 1.04 Mev s i l i c o n  peak. 
I r o n  appears  prominent ly  a t  0.84 Mev and adds a small peak a t  1.24 Mev, where aluminum 
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and silicon also contribute small peaks. 
about 0.77 MeV, probably from calcium. 
magnesium at 1.37 Mev but this particular coal sample did not contain enough magnesium 
to show it. This spectrum actually is only a part of the total spectrum which extends 
to 10 MeV. Some indication of an oxygen triple peak was found at 5.12, 5.63,and 6.14 
MeV, and amplification gave several other peaks representing unidentified elements. 

A small and inconsistent peak appears at 
There should be a fairly sharp peak from 

Sensitivity of Measurement. To estimate the sensitivity of measurement, 
tests were made on 15-pound samples of Pittsburgh-seam coal containing 3.3-percent and 
21-percent ash. 
and 1.3-percent Fe--oxides of these elements comprising 90.4 percent of the ash in this 
sample. The 3.3-percent-ash sample contained 0.6-percent silica, 0.5-percent Al, and 
0.39-percent Fe--oxides of these elements accounting for 90.2 percent of the ash. 

The 21-percent ash sample contained 5.8-percent Si, 2.3-percent Al, 

Spectra of these two coals are shown in figure 4 at two amplifications. The 
difference between the 1.78 MeV silicon-aluminum peaks in the two spectra is readily 
apparent. There are 160,800 total counts under this peak for the low-ash coal and 
177,300 total corresponding counts for the 21-percent ash coal, a difference of 16,500 
counts. Coals containing 8.1- and 1.19-percent silicon plus aluminum respectively, gave 
a difference of 16,500 5 581 counts, a sensitivity of 0.02 percent. 
0.02 percent in silicon and aluminum theoretically was detected, although this was not 
entirely true because silicon and aluminum were assumed to contribute equally on a 
weight basis to the 1.78-Mev peak. With normal coal samples this estimate probably 
would not be off by more than a factor of two, so it is reasonable to expect that a 
change of 0.1 percent in silicon or aluminum content of the coal could be detected. 

Thus a change of 

Subsequently, the actual sensitivity of this method was determined in static 
tests with coal. Samples of anthracite containing 6.2-, 7.0-, and 7.3-percent ash, 
respectively, were used in these tests. The small differences in the percentage of ash 
in these samples approximate the combined errors of sampling and analysis. Spectra 
obtained from the three samples, using 50-minute counting periods for each, are shown 
in figure 5. 
instrument instability, so the peaks are blunter than under ideal conditions. A small 
but definite difference is apparent between the 7.3- and 7.0-percent-ash samples. 
aluminum, and silica peaks for the 6.2-percent-ash coal, however, are virtually identical 
to the coal containing 7-percent ash. (The slight differences are indicated by the 
dotted line.) The reason for this was shown subsequently to be due to a slight difference 
in degree of activation of the crystal detector and thus the amount of interference. 
Although the results cannot yet be considered as completely reliable, they indicate that 
differences can be obtained between coals differing less than 1 percent in ash content. 
Hinor inconsistencies in the data are just as likely to have been caused by errors in 
sampling and chemical analysis as by errors in the nuclear method. 

’ 
The shift in the 2.22-Mev hydrogen peak indicates a channel drift from /” 

Iron, 

,( 

1 

/ Conclusion. In static measurements, the concentration of several of the elements 
in coal was determined with varying degrees of accuracy by means of gamma rays produced 
by neutrons from radioisotope sources. 
carbon, hydrogen, silicon, aluminum, iron; smaller peaks were found for other elements 
in coal. 

Spectra peaks were readily identifiable for I 

_-- 
The results were promising enough to warrant extension of the work to a 

pilot-scale system for measurement of the ash content of coal flowing at rates of 1 to 
20 tons per hour. 
measured continuously within 1 percent, and perhaps within 112 percent. 

Indications are that the concentrations of ash in moving coal can be 
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A NEW APPROACH TO THE PRODUCTION OF FLY ASH BASED STRUCTURAL MATERIALS 

Harry E .  Shafer,  J r ,  and Charles F. Cockrell  

Coal Research Bureau, West Vi rg in i a  Univers i ty  
Morgantown, West Vi rg in i a  

INTRODUCTION 

F ly  ash ,  a major by-product from the  combustion of pu lver ized  c o a l ,  has  be- 
come a problem of  s u b s t a n t i a l  proport ion a t  coa l  burning power p l a n t s .  The d i s t r i -  
bu t ion  and magnitude of f l y  ash production i n  1962 i s  i l l u s t r a t e d  i n  Figure 1. 
During t h a t  year f l y  ash product ion exceeded 1 2  mi l l i on  tons.  It i s  es t imated  t h a t  
by 1980 approximately 28 m i l l i o n  tons of f l y  ash w i l l  be produced annually. '  A t  
p r e sen t ,  the  major po r t ion  of  f l y  ash i s  dumped i n  a s l u r r y  i n  r a p i d l y  dwindling 
s to rage  a r e a s  while i n  o t h e r  l o c a t i o n s  f l y  ash may be so ld  f o r  a s  much a s  $4.00 
per t o n  o r  c a r r i e d  away a t  a c o s t  t o  the  power p l a n t  of  a s  much a s  $2.00 per 
ton.  Major commercial u s e s  f o r  f l y  a sh  today a r e  s o i l  s t a b i l i z a t i o n  i n  which the  
f l y  ash  i s  u t i l i z e d  as  a g rou t ;  a spha l t  paving mixes i n  which t h e  f l y  ash a c t s  
a s  a f i l l e r ;  and l igh t -weight  aggregate i n  which the f l y  ash i s  p e l l e t i z e d  and then 
s i n t e r e d .  

A s  one face t  of many involved i n  a United S t a t e s  Department of  I n t e r i o r ,  
Of f i ce  of  Coal Research c o n t r a c t  fo r  t h e  inves t iga t ion  of coal-associated minerals,  
work was i n i t i a t e d  by West V i r g i n i a  U n i v e r s i t y ' s  Coal Research Bureau wi th  the 
o b j e c t i v e  o f  u t i l i z i n g  f l y  ash  t o  reduce the  d i sposa l  problem a t  power p l a n t s  
a t t r i b u t a b l e  to  the lack  o f  adequate markets.  The use of  a mixture of f l y  ash and 
sodiuy s i l i c a t e  a s  a means t o  make s t r u c t u r e s  i s  documented i n  previous l i t e r a -  
t u re .  Ea r ly  attempts t o  p rocess  a f l y  ash-sodium s i l i c a t e  mix experienced d i f f i -  
c u l t y  because the  material set too  r a p i d l y  f o r  handling, produced blocks with 
c racks ,  and gave low compressive s t r eng ths .  Because o f  these  d i f f i c u l t i e s  a new 
approach t o  the  product ion of  f l y  ash-based s t r u c t u r a l  ma te r i a l s  was sought which 
involves  i n  p a r t  the use o f  sand in  t h e  f l y  ash-sodium s i l i c a t e  mix a s  an agent 
t o  inc rease  workab i l i t y  and t o  decrease f i s s u r i n g  by providing a pa th  f o r  moisture 
r e l e a s e .  Therefore, the o b j e c t i v e  of t h i s  paper i s  t o  introduce a method fo r  us ing  
a combination of low c o s t  m a t e r i a l s  i n  conjunction r i t h  modest forming p res su res  
t o  produce a super ior  s t r u c t u r a l  product which may be t e c h n i c a l l y  f eas ib l e .  The 
i n i t i a l  phases of th is  work have given encouraging r e s u l t s  and the United S t a t e s  
Department o f  I n t e r i o r  h a s  r e c e n t l y  f i l e d  a pa t en t  app l i ca t ion  covering t h i s  d i s -  
c losu re .  

MATERIALS AND EXPERIMENTAL WORK 

The o r i g i n  and screen  a n a l y s i s  of f l y  ash used i n  these experiments a r e  
given i n  Table 1. Ad- 
mixed Ohio River sand used t o  reduce f i s s u r i n g  was screened to  pass  28 mesh s i z e .  
Sodium s i l i c a t e  so lu t ion  was obtained from the  Ph i l ade lph ia  Quartz Company, t h e  
cornposition and p rope r t i e s  of which a r e  given i n  Table 3. 

Chemical composition of  f l y  ash is provided i n  Table 2. 

A l l  specimens were formed by use  o f  a f l o a t i n g  d i e  i n t o  the shape o f  a 
b r i c k  a s  a means t o  f a c i l i t a t e  t e s t i n g .  
were measured wi th  a Baldwin Model Universal  Tes t ing  Machine. 
temperatures,  a Hoskins e l e c t r i c  muffle furnace was used. 

Forming as  we l l  a s  breaking p res su res  
For f i r i n g  a t  h igh  

I n  t h e  prepara t ion  o f  test specimens, sand and f l y  ash i n  proper propor- 
t i o n s  were d r y  mixed fo r  f i v e  minutes t o  in su re  homogeneity. This  mixture was 
then  t r a n s f e r r e d  t o  v e s s e l s  where sodium s i l i c a t e  was added in s m a l l  increments 
and mixed t o  form p e l l e t s .  A quan t i ty  of  p e l l e t s  was chosen which would y i e l d  
a des i r ed  b r i c k  thickness when formed i n  t h e  d i e  a t  a s p e c i f i e d  p re s su re .  
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Generally 400 gram p e l l e t  charges were used i n  order  t o  produce a 2 X 4 X 1-5/13 
inch b r i c k  t e s t  specimen formed a t  1000 pounds per square inch p res su re  (p.s . i . ) .  
Cored t e s t  specimens were two and l a t e r  t h ree  1/2 inch diameter h o l e s  were adop- 
t ed  a3 a means to  increase  sur face  a rea ,  d ry ing ,  and s t r u c t u r a l  s t r e n g t h .  

The newly formed t e s t  specimens were subsequently a i r - d r i e d .  Next, 
compressive breaking s t r e n g t h  t e s t s  were run  on the  a i r - d r i e d  b r i c k s  o r  on br icks  
which were a i r -d r i ed  and then f i r e d  a t  l l O O ° C .  

The f i n a l  f i r i n g  temperature of 11(30°C was reached through programed tem- 
pe ra tu re  increases  over a period of 8 t o  10 hours,  maintained f o r  four t o  six 
hours,  and then gradual ly  cooled t o  room temperature.  

Specimens were t e s t e d  i n  accordance wi th  t h e  American Soc ie ty  of Tes t ing  
and Mater ia l s  (ASTM) method C67-60 e n t i t l e d  O'Standard Methods of Sampling and 
Tes t ing  Brick". 

RESULTS AND DISWSSZON 

Five bas ic  batch test campositions designated A , B , C , D  and E and t h e i r  pro- 
por t ions  a r e  given i n  Table 4. 
84.5; sand from 0.0 t o  22.7 and sodium s i l i c a t e  s o l u t i o n  from 9 . 1  t o  15.5. 

Fly  ash weight percentage ranges from 64.7 t o  

The foregoing ranges of composition were chosen a s  a r e s u l t  of explora- 
t o ry  t e s t s ,  some of which a r e  not l i s t e d ,  which demonstrated t h a t  coa r se r  batch 
compositions wi th  l e s s  than approximately 60 percent  f l y  ash r e s u l t e d  i n  a 
marked decrease i n  specimen s t r eng th .  This observa t ion  i s  ind ica t ed  i n  Table 5 
wi th  composition E ( t e s t s  16  to 24)where breaking s t r e n g t h s  were a l l  4150 p . s . i .  
o r  l e s s .  On the o the r  hand, f i n e r  batch compositions wi th  g r e a t e r  than  approxi- 
mately 72 percent f l y  ash showed evidence of good breaking s t r e n g t h ,  5060 p . s . i .  
o r  more, when a i r - d r i e d  fo r  t e n  days (See t e s t s  1 3  and 15, Table 5).  However, 
when these  batches were f i r e d ,  uniform moisture r e l e a s e  was obs t ruc t ed  because 
of t h e i r  f i n e  cons is tency  which caused f i s s u r e s  and d e c r e p i t a t i o n .  Also, f i ne  
compositions tended t o  be i n i t i a l l y  unworkable and r a p i d l y  hardened i n  t h i n  
s u p e r f i c i a l  l aye r s .  

It i s  apparerit from these  t e s t s  t h a t  increases compressive breaking s t r e n g t h s  
r e su l t ed  f o r  specimens t h a t  could be f i r e d .  It would appear t h a t  t he  s t ronger  
br icks  obtained by f i r i n g  r e s u l t e d  from a s o l u t i o n  r e a c t i o n  whereby the  specimen 
underwent p a r t i a l  v i t r i f i c a t i o n .  

Resu l t s  a l s o  i n d i c a t e  t h a t  for supe r io r  breaking s t r e n g t h s  above, 5100 p . s . i . ,  
l e s s  binder is requi red  when us ing  t h e  concent ra ted  RU (See t e s t s  1 t o  4) i n  p l ace  
of the d i l u t e  N-type sodium s i l i c a t e  (See t e s t s  5 t o  24) s o l u t i o n .  Specimens where 
the RU-type binder was used wi th  modest p re s su re  (1880 p . s . i . )  gave peak breaking 
s t r eng ths  when f i r e d  (See t e s t  1) and supe r io r  breaking s t r e n g t h s  when unf i red  
(See t e s t  4).  Low (790 p.s. i .)  forming p res su res  a130 y ie lded  supe r io r  breaking 
s t r e n g t h s  when f i r e d  (See t e s t s  2 and 3). 

Within the l imi t ed  scope of da t a ,  v a r i a t i o n s  i n  breaking s t rer igths  due 
t o  d i f f e r e n t  f l y  ash composition d id  not appear t o  be s i g n i f i c a n t .  Thus, t e s t s  
2 and 3 which were prepared under the same cond i t ions  us ing  h igh  s i l i c a ,  high 
alumina Appalachian and lower silica, lower alumina W i l l o w  Heland Bower P lan t  f l y  
ash y ie lded  e s s e n t i a l l y  the same breaking s t r e n g t h s  (5225 ver sus  5150 p . s . i . ) .  

Because of the exp lo ra to ry  na ture  of t h i s  I n i t i a l  t e s t  work, t h e  e f f e c t  o f  
the number of cores ,  forming p res su re ,  water add i t ion  and bulk d e n s i t y  on break- 
ing  s t r eng ths  i s  not  i nd ica t ed .  
being inves t iga t ed  over more confined ranges of v a r i a t i o n  than  those  presented i n  
Table V. 

The c o r r e l a t i o n  of these  f a c t o r s  is c u r r e n t l y  
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Addit ional  observa t ions  ind ica te  t h a t  the bulk d e n s i t y  of  raw f l y  ash i n  
compositions A,B, and C f o r  varying t e s t  condi t ions  were not  s i g n i f i c a n t l y  d i f -  
f e r e n t ,  ranging from 104 t o  107 pounds per cubic  foot .  However, when por t ions  
of  i r o n  were removed from raw f l y  ash by magnetic separa t ion ,  the  bulk d e n s i t y  
of composition B decreased t o  96 t o  98 pounds per  cubic f o o t ,  This d e s i r a b l e  
reduct ion  i n  bulk d e n s i t y  is more than l i k e l y  accompanied by a decrease i n  break- 
ing s t r e n g t h s .  There is a l s o  some reason t o  be l ieve ,  based on observa t ions  made 
dur ing  t e s t i n g ,  t h a t  t h e  r e d u c t i o n  of  i r o n  content  i n  f l y  ash i s  accompanied by 
a favorable  increase i n  w o r k a b i l i t y  and a decrease i n  b inder  consumption. 

I n  order  t o  examine ind iv idua l  requirements o t h e r  than physical  s t rength ,  
ASTM t e s t  were undertaken on s e v e r a l  t y p i c a l  specimens produced from compo- 
s i t i o n  B.' Five hour b o i l i n g  t e s t s  were conducted and i n  no ins tance  d id  the 
water  absorbed exceed 12 percent  of the o r i g i n a l  weight a s  compared to a permis- 
s i b l e  17 percent  for  optimum grade SW b r i c k  and 22 percent  f o r  high grade MW 
b r i c k .  The s a t u r a t i o n  c o e f f i c i e n t  was found t o  be 0.79, This compares favorably 
wi th  an allowable 0,78 and 0.88 i n  grades SW and EIw b r i c k s  r e s p e c t i v e l y .  
t i o n a l  f i r i n g  shrinkage tests were a l s o  conducted and i n  no case d id  the  shr ink-  
age exceed 1/64-inch f o r  a 4-inch test specimen (0.39% shrinkage) .  This  i s  w e l l  
w i t h i n  the allowance of s tandard  ASTM s p e c i f i c a t i o n s .  
the d u r a b i l i t y  of the  specimens was designed and undertaken. For a per iod  of 24 
hours  specimens were a l t e r n a t e d  between a steam chamber (98OC) and a f r e e z e r  
( - 2 5 O C )  a t  hourly i n t e r v a l s  i n  order  t o  t e s t  t h e i r  r e s i s t a n c e  t o  thermal and 
moisture  decomposition under extreme temperature change. The specimens were 
t e s t e d  while  s t i l l  cold and t h e  compressive breaking s t r e n g t h s  were found t o  be 
comparable t o  other  t e s t  specimens of t h e  same compositions which d i d  not  undergo 
the  repeated f reez ing  and hea t ing .  No such thermal g r a d i e n t  (123OC) e x i s t s  i n  
na ture  over a shor t  per iod o f  time, the purpose of t h i s  t e s t  being only  to dem- 
o n s t r a t e  the  d u r a b i l i t y  of t h e  specimens. 

Addi- 

A severe t e s t  t o  determine 

Since f l y  ash-based s t r u c t u r e s  may, among o ther  a p p l i c a t i o n s ,  f ind  use a s  
a bu i ld ing  mater ia l  some comparisons a r e  i n  order .  The breaking s t r e n g t h s  Of 
the f l y  ash-based t e s t  specimens compare favorably with those of common face ,  
c l a y  based, br ick .  The measured breaking s t r e n g t h s  of s i x  s p e c i a l l y  prepared 
common face br icks  of  dimensions s i m i l a r  to  those of the f l y  ash-based t e s t  speci-  
mens exceeded approximately 2600 P.S. i. 
and 58 percent  of the u n f i r e d  f l y  ash-based t e s t  specimens exceeded t h e  minimum 
breaking s t r e n g t h  (2600 p . s . i . )  of the common faced b r i c k .  The favorable  s i m i -  
l a r i t i e s  i n  s t rength  a r e  f u r t h e r  enhanced when comparing the  r e l a t i v e  bulk densi-  
t i e s .  Bulk dens i ty  of t h e  b e s t  grade pressed b r i c k  i s  approximately 150 pounds 
per  cub c foot  while common b r i c k  has a bulk d e n s i t y  of 125 pounds per  cubic 
f o o t .  5 s f i  The h ighes t  bulk d e n s i t y  obtained from the  f l y  ash-based t e s t  specimens 
d i d  no t  exceed 107 pounds per  cubic  foot  and i n d i c a t i o n s  a r e  t h a t  by t h e  removal 
of magnetic mater ia l  the  bulk d e n s i t y  can be f u r t h e r  reduced to l e s s  than one 
hundred pounds per cubic  f o o t .  

Thus, seventy- f ive  percent  of the f i r e d  

In t h e  absence o f  sca le -up  information,  a complete cos t  e s t i m a t e  f o r  t h e  
product ion o f  f l y  ash-based s t r u c t u r a l  products  i s  not  p o s s i b l e  a t  t h i s  time. 
Hcwver ,  on the  b a s i s  of  information obtained from both i n  u i r i e s  an p 1 hed 
.E?urces i t  i s  poss ib le  t o  e s t i m a t e  the cos t  of m a t e r i a l .  7 , 8 , 9 , 1 0 , 1 l , f 2 ,  u3, ft  
t y p i c a l  p r i c e s  of $1.00 per  ton  of f l y  ash,  $2.29 per ton  o f  screened sand, and 
$2.30 per  CWT of  HU-type sodium s i l i c a t e ,  t h e  c o s t  of m a t e r i a l s  per  thousand 
f l y  ash-based br icks  amounts t o  $11,30. 
d e n s i t i e s  of 105 pounds per  cubic  foot  f o r  t h e  f i r e d  t e s t  specimen of composi- 
t i o n  A.  Thus, $43.70 per  thousand b r i c k s  is a v a i l a b l e  f o r  c o s t s  of amort izat ion,  
d e p r e c i a t i o n ,  labor ,  p l a n t  o p e r a t i n g  c o s t  and p r o f i t  from the  $55.00 per  thousand 
r e a l i z a t i o n  value obta inable  from the  s a l e  o f  br icks .  Work is  c u r r e n t l y  d i r e c t e d  
a t  o b t a i n i n g  more d e t a i l e d  information on t h e  f a c t o r s  which a f f e c t  breaking 

This  es t imate  i s  based on b r i c k  bulk 
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strength and bulk density of the bricks. Such factors as materials handling, involv- 
ing the effe t of water additions and mixing time; forming pressure; drying time; 
firing rates; and firing temperature are critical and a series of factorial design 
experiments are currently underway. 

CONCLUSIONS 

Study of test results shows that the fired test specimens of composition A 
compare well with ASTM specifications on specimens tested. 
of fly ash-based structural material is attractive in that cost is  low for the ma- 
terial and long distance transportation is  not involved (See Figure l). 

No definite conclusions can be drawn concerning the relationship existing 

The relationship between the number of coring 

The acquisition cost 

between the effect of water addition, forming pressure, drying rate, and bulk 
density on breaking strength. 
holes and drying rate has not been determined. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 
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Table 1 
Fly Ash and Screen Analysis 

Percentage Retained of qiven Mesh Size 

Source Designation 80 100 150 200 270 325 -325 
Monongahela Pcxier Company Willow Island 0.45 0.40 2.11 3.90 7.70 5.00 80.14 
Willov Island Station 

Appalachian Power Company Appalachian 0.12 0.01 0.07 0.12 0.24 3.02 95.42 
Kanawha River Plant (Electric) 
Glasgow, West Virginia 

Table 2 
Spectrochemical Analysis of Fly Ash (9.) 

Designation Si02 Al2O3 Fe203 Ti02 CaO MgO Na20 Carbon 
Willow Island 50.1 22.4 18.5 1.3 1.9 1.0 1.0 1.0 

Appalachian (Electric) 58.1 27.5 6.0 1.7 1.6 1.0 1.0 2.5 

, 

Table 3 
Composition and Properties of Sodium Silicate Solution 

2: Spec i f lc ‘Baume Vlscosit 
Type Na20:Si0 SJia20 %Si02 %H20 Gravity 68OF (Poises-20 C) lbs/Gal. 

N 1:3.22 8.9 28.7 62.4 1.394 41.0 , 1.8 11.6 

2 

RU 1:2.40 13.85 33.2 53.0 1.559 52.0 21.0 13.0 i 
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Table 4 
Percentage Composition of Fly Ash-Sand-Sodium Silicate 

Mixtures 

Sodium Silicate 
Fly Ash Sand Solution Sodium Silicate 

Composition (4. Weight) I% Weight1 ( X  Weight) (Type) 

A 68.2 22.7 9.1 

B 65.8 21.9 12.3 

C 84.5 0.0 15.5 

D 74.0 13.0 13.0 

E 64.7 21.6 13.7 

RU 

N 

N 

N 

N 

Table 5 

Breaking Strengths According to Cornposition 
Compilation of Test Results in Order of Decreasing 

7 Breaking' Bulk3 Method 0k4 Number5 Forming' Water 
Test Number Composition Strength Density Hardening Cores Pressures Addition 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 
10. 
11. 
12 * 

13. 
14. 

15. 

16. 
17. 
18. 
19. 

A -WI 

A-WI ' 

A-AP 
A-WI 

B-WI 
B -WI -1R 
B-WI 
B -WI -1R 
B-WI-IR 
B-WX 
B-AP 
B-WI-IR 

c-WI 
C -AP 

D-AP 

E -AP 
E -0 

E -WI 
E-Wi 

9190 

5225 
5150 
5100 

6780 
5400 
5 '2 60 
4500 
3590 
3560 
3520 
2800 

5570 
1500 

5060 

4150 
3200 
2460 
2440 

105-107 

105-107 

104-106 
96-98 

96-98 
104-106 

104-106 

F 
F 
F 

10 AD 

F 
F 
F 
F 

7 AD 
7 AD 
7 AD 
7 AD 

10 AD 

7 AD 

10 AD 

F 
F 
F 
F 

3 
3 
3 
3 

2 
3 
2 
3 
3 
2 
2 

3 

3 
2 

3 

3 
2 
2 
2 

1080 

790 
790 
1080 

1080 
1080 

790 
1080 
1080 
1080 
790 

790 

1080 
790 

790 

790 
790 ~ 

1370 
1900 

60 
60 
60 
60 

0 

0 

0 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

100 
100 
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Table 5 (Continued) 

7 
Breaking' Bulk3 Method o f4  Number' Forming6 Water 

Tes t  Number Composition S t r eng th  Density Hardening Cores Pressures  Addition 

20. E-WI 1900 F 2 960 100 

21. E -AP 1525 10 AD 2 530 0 

22. E -AP 1400 21 AD 2 790 0 

23. E -AP 1220 7 AD 2 790 0 

24. E -AP 1260 7 AD 2 530 0 

1. W I  =Wil low I s l and  Power P l a n t  F ly  Ash 
AP = Appalachian Power P l a n t  Fly Ash 
I R  = I r o n  reduced by magnetic s epa ra t ion  t o  approximately 5.6 percent .  

Breaking s t r eng th  i n  pounds per  square inch ( p . s . i . ) .  2. 

3. Bulk d e n s i t y  i n  pounds p e r  cubic foot .  

4. F = Fired  a t  l l O O ° C  
10 AD = Ai+r-dried f o r  t e n  days 
7 AD = A i r  d r ied  f o r  seven days 

Number of evenly spaced h o l e s  of 1!2- inch diameter i n  test  specimen. 5. 

6. Forming pressure i n  pounds per square inch ( p . s . i . ) .  

7.  Water add i t ion  i n  i a i l l i l i t e r s .  

. .  

i 
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